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KURZREFERAT
In der vorliegenden Arbeit wird ein miniaturisiertes Energiegewinnungssys-
tem entwickelt, das unter Verzicht auf rotierende Komponenten kinetische
Strömungsenergie in elektrische Energie umwandelt. Die Funktion dieses
Wandlers basiert auf der sogenannten wirbelinduzierten Vibration. Derartige
Systeme besitzen unter anderem das Potenzial, drahtlose Sensornetzwerke
zur Erfassung von Messdaten in Gas-, Öl- oder Wassertransportsystemen mit
Energie zu versorgen zu können. In der Arbeit wird der theoretische Hinter-
grund der wirbelinduzierten Vibration untersucht und darauf basierend werden
Fluid-Struktur-Wechselwirkungssimulationen zur Strukturoptimierung durch-
geführt in deren Ergebnis eine theoretische Verbesserung der Effizienz des
Wandlers um ein Mehrfaches erreicht wird, die auch praktisch bestätigt wird.
Unter Berücksichtigung der Simulations- und Optimierungsergebnisse wurden
eine Reihe von Demonstratoren gefertigt, die auf einem selbst konstruierten
Prüfstand getestet wurden. Zur weiteren Erhöhung der Leistungsfähigkeit des
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Wandlers wird ein zusätzlicher elektromagnetischer Generator vorgeschlagen
und damit ein Multi-Methoden-Demonstrator technisch realisiert. Die Demons-
tratoren arbeiten in strömender Luft bereits bei Geschwindigkeiten von 2 m/s
und erreichen bei 3,6 m/s ihre maximale Effizienz. Die erreichten Ergebnisse
ordnen sich im Vergleich mit denen aus entsprechenden Publikationen vorn
ein und werden ausführlich diskutiert.
Abstract
In this thesis, a miniaturized energy harvester system is developed. The energy
harvester converts fluid kinetic energy into electrical energy without using
any rotating components. The working principle of the energy harvester
is based on the so called vortex-induced vibration. Such systems have the
potential to provide energy for wireless sensor networks in the field of inline
measurements for gas, oil or water transportation systems. The theoretical
background of the vortex-induced vibration (VIV) is studied. Based on the
studies, a fluid-structure interaction simulation is carried out to optimize
the structure of the energy harvester. As result, the conversion efficiency
is significantly improved, which is experimentally confirmed. A series of
demonstrators are manufactured according to the simulation and optimization
results. It is tested on a self-constructed test bench. To further improve the
performance, an electromagnetic generator is proposed, and therefore, a multi-
method demonstrator realized. The demonstrators are working in air flow
already at a velocity of 2 m/s, and reach the maximum efficiency at 3.6 m/s.
This performance ranks among the best published results and is discussed in
detail.
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1 Introduction
1.1 Background of energy harvesting
With the increasing requirements of wireless sensor networks applications, the
energy support for such devices has become the bottleneck of most of such
applications. However, those applications usually rely on electrochemical
batteries for electrical power, as a result of which, the whole system’s life
cycle is heavily dependent on the capacity of such batteries. Further, as the
number of networks node increases and the devices get smaller in size, the
replacement of depleted batteries becomes increasingly impractical. Therefore,
alternative methods of powering wireless sensor nodes are needed.With the
development of MEMS technology, the power consumption of micro devices
has been reduced. Some recently published articles even claim that in special
application fields like wireless body sensor networks, a wireless pulse oximeter
just required 89 µW during measurement and transmission working stage[2,
3]. Such improvement make it possible to use micro environmental energy
harvester as a power supplier for MEMS devices or MEMS-based wireless
sensor networks.
In recent years, a series of researches have being carried out in the field of
environmental energy harvesters in order to replace batteries and extend the
system life cycle. The environmental energy harvesters have been designed
to convert enviromental energy like solar or thermal power, vibration and
human body movement into electrical power. However, both of those energy
19
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sources have their respective specific disadvantages, and are unable to cover
all situations in which the application is required. To increase the self-powered
micro device’s adaptability, it is therefore necessary to extend the applicable
range of environmental energy sources.
1.2 Fluid kinetic energy as an environmental
energy source
Fluids kinetic energy has been used as an energy source in human history
for a long time, and it is considered as one of the most easily reachable and
renewable energy sources in the nature. Take air flow/wind as an example: as
early as in the year 200 B.C., a windmill of Heron of Alexandria was already
in use, which is one of the earliest known instances in which wind power
is utilized. The first power-generating wind turbine was a battery charging
machine installed in July 1887 by the Scottish academic James Blyth to light
his holiday home in Marykirk, Scotland. Today, there are thousands of wind
turbines operating all around the world, with a total nameplate capacity of
238,351 MW at the end of 2011. According to the data released in 2010 by
the World Wind Energy Association, an industry organization, the annual
worldwide installed capacity of wind power worldwide is 430 TWh annually
(see Figure 1.1a), which accounted for about 2.5% of worldwide electricity
consumption. Germany ranks first in Europe in terms of installed capacity
of wind turbines, which stood at 27,214 MW in 2010 (see Figure 1.1b). In
2010, Germany generated 37.3 TWh of electricity through wind power, which
accounted for 6.2% of the country’s power consumption. In total, 17% of
Germany’s electricity was generated from renewable sources in 2010, with
wind being the largest contributor [4].
20
1.2 Fluid kinetic energy as an environmental energy source
(a) The global wind power cumulative capacity
(b) Wind power in Germany 1990-2011
Figure 1.1: The global wind power cumulative capacity and wind power
growth up in Germany [4]
In the development of micro energy harvesters, compared with other popular
environmental energy sources (like solar, vibration, thermo or human body
movement) fluid kinetic energy is able to provide a very reasonable power
density in most situations. The comparison made in Table 1.1 testifies the
potential of fluid kinetic energy: the flow energy can be used as a reliable
energy source in specific application environments. Also, in order to increase
the environmental adaptability of the final system and extend usable energy
sources, it is both important and necessary to develop an energy harvester
which works based on fluid kinetic energy.
21
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Table 1.1: A comparison of the performance of different energy sources [3, 5]
Energysource Performance
Ambient radio frequency < 1 µW/cm2
Ambient light 100 mW/cm
2 (Directed toward bright sun)
100 µW/cm2 (Illuminated office)
Thermoelectric 60 µW/cm2
Vibrational micro-generators 4 µW/cm
2 (Human motion - Hz)
800 MW/cm2 (Machines - kHz)
Ambient airflow 1 mW/cm2
Hand generators 30W/kg
Heel strike 7W (Potentially available)
1.3 Related studies in the field of micro scale
fluid energy harvesters
Compared with other energy sources, fluid kinetic energy is mostly harvested
using traditional hydro-turbine structures. For example, in 2003, Alan H.
Epstein [6] from MIT’s Gas Turbine Laboratory, successfully reduced the
size of a gas turbine structure to millimeter scale by using the MEMS process
technology (see Figure 1.2).
Figure 1.2: The MEMS-technology-based MIT gas turbine for portable elec-
tronics (The MIT Gas turbine contains a minimizated silicon tur-
bine rotor, which transforms the air flow kinetic energy into rota-
tion on rotor).
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This model is designed to power portable electronics combined with some
chemical reactors (or a combustion engine). According to the scaling law,
following the system minimization, surface area forces (friction) dominate
inertial forces (kinetic energy) [7]. Consequently, when the size of the system
continues to scale down, the friction will play a dominant role, which not only
negatively affects the efficiency of the system, but also leads to serious wear
of the axis.
Figure 1.3: EELs Hydropower harvester by Princeton Gas Dynamics Lab
(The cylinder shaped bluff body is used to excite the vortex in the
downstream, a 3 meter length PVDF cantilever is used to convert
this pressure in to electrical energy.)
The new VIV (Vortex-induced Vibration) method was introduced into the
studies on fluid energy harvesters by Prof. George W. Taylor, who comes
from Princeton Gas Dynamics Lab [8]. The mind to convert fluid kinetic
energy has been extended: by using a fluid dynamics structure to induce a
structure vibration, through which the fluid kinetic energy is converted into
vibration energy; and then, use a different method, including piezoelectricity
and electromagnetism, to finally convert vibration energy into electrical energy.
In this case, the friction problem is avoided through the working principle,
another advantage in comparison with the gas turbine. Thanks to the simple
23
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and durable construction, the manufacture and repair of a VIV energy harvester
becomes much less complex. As a result, an eel-like hydraulic power harvester
(see Figure 1.3) has been designed to convert ocean current into electrical
power.
In 2004, a group from the Munich University of Technology also used the
same VIV method to convert hydraulic power [9, 10, 11]. However, this group
focused more on using the MEMS technology to produce a huge amounts of
transducers, which are grouped as an array and located in a natural water body
(see Figure 1.4). It was designed to replace the hydropower station, which
needs a dam to function (the dam often has adverse environmental impacts).
The diverse array of methods and patterns have been mentioned in this thesis.
Figure 1.4: MTU Hydropower harvesting device for Hydro power stations
(A millimeter scale VIV energy harvester is fabricated by MEMS
technology [Silicon and PZT]. A huge number of transducers have
been grouped as an array and located in a natural water body).
Since 2009, with the increasing demand of diverse applications, more research
groups have turned their attention to fluid kinetic energy harvesting. Different
air dynamic designs have been tested to excite structure vibration through
vortices, flows impact or other effects.
In 2010, a research team from the South Korea’s Sogang University announced
that it had developed a structure by placing a piezoelectric cantilever right
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after a leadless propeller [12]. This structure uses the leadless propeller to
transform constant wind power into an AC-like wind power, which results in
vibration of piezoelectric cantilever, and collects the final electrical power by
the piezoelectric effect (see Figure 1.5).
Figure 1.5: The Sogang University design: propeller combined with a piezo-
electric cantilever (A leadless propeller is used to transform con-
tinuous air flow into pulsing air flow. The pulsing air flow is
converted into electrical energy through a vertically placed PVDF
cantilever.)
In the same year, a design proposed in a publication by the City College of New
York attempted to use a reversed clamped membrane to bring more membrane
deformation at low velocity air flow with a higher thickness membrane (see
Figure 1.6) [13]. This structure has two mechanisms. The first mechanism is
the impingement of induced flow by the passing vortices on one side of the
beam, and the second is the low pressure core region of the vortices, which
is at the opposite side of the beam. Additionally, the paper also discussed the
optimal location of the membrane.
25
1 Introduction
,
Figure 1.6: Reversed clamped membrane structure proposed by the City Col-
lege of New York (by using the reversed clamp configuration, the
author claimed that the new structure could utilize both the vortex-
induced pressure and flow impact simultaneously as the excitation
force.)
A another alternative air dynamic layout, a T-shaped piezoelectric bimorph
cantilever was proposed by a group from the Chonbuk National University of
South Korea (see Figure 1.7) [14]. According to the design, the shape of the
energy harvesting device was initiated by the H-shaped cross section of the
Tacoma Narrow Bridge, which collapsed due to aeroelastic flutter instability.
PZT-A5 material was used as piezo-membrane material. The relationship
between power generation and wind speed has been discussed by the reporter
and presented in the paper.
Figure 1.7: T-shaped piezoelectric bimorph cantilever layout proposed by a
group from Chonbuk National University of South Korea (This
design intend to utilize the variable lift force on bluff body and the
vortex induced pressure in the downstream as excitation.)
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Another structure, using a vertical rigid sail fixed to a vertical cantilevered
piezoelectric transducer, was proposed by William B. Hobbs Jr. from the
Georgia Institute of Technology (see Figure 1.8) [15]. This device would
oscillate in a fixed direction when exposed to wind. According to the report,
the output, which was reported to be in the range of mW, was better than those
achieved by other methods. Different orientations were tested relative to the
wind direction, as well as a number of different sail shapes and sizes.
Figure 1.8: Vertical rigid sail structure designed by the Georgia Institute of
Technology (The system is designed to directly utilize the lift force
on the bluff body. The fluid lift force is applied on the bluff body
surface which leads to vibration on the bluff body and the fixing
pole. Piezo material has been placed on the fixing pole. Hence the
vibration is transformed into electrical energy)
A flapping-foil structure or so-called windmill or liner windmill is also intro-
duced into micro fluid energy harvesting by the San Diego University (see
Figure 1.9) [16]. This design proposed replacing the rotating blades of a
conventional turbine with a foil undergoing unsteady motions. By varying the
pitch angle of the foil periodically through a simple control /actuation
27
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mechanism, the new device was able to convert the responding heaving motion
of the foil into electrical power. Relative structure behavior and dynamics of
flapping foils have been analyzed with a numerical model.
Figure 1.9: Flapping-foil/windmill structure flow energy harvester (A wing foil
and pitch control mechanism are used to provide an alternative
excitation force for the cantilever vibration. The piezoelectic ma-
terial (d33) is used to finally transform the vibration energy into
electric energy)
In the field of VIV fluid energy harvesting, not only the piezoelectricity, but
also the electromagnetic effect has been used to convert structure vibration
energy into electrical power. According to an article from the Chinese Univer-
sity of Hong Kong [17], at a larger size, the electromagnetic effect can also be
used in the final transformation into electrical power.
In the United States, Shawn Frayne has founded a company, which provides
a product (see Figure 1.10) called WindBelt [18]. The product is capable to
convert wind power into electrical power and can be used to replace batteries
in areas with rich wind energy resources.
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Figure 1.10: Wind power harvester of Humdinger Company “WindBelt” (The
system is designed to convert the aeroelastic flutter of foil into
electrical energy through electro-magnetical transducer.)
The literature review (Figure 1.11) showed the number of studies in the field
of micro fluid kinetic energy harvesters are not comparable with those on
other micro enviromental energy harvesters (like those based on solar, thermal,
vibration power). The major limitation of micro fluids kinetic energy harvester
design is that traditional hydro-turbine structure is not suitable on the micro
scale. Recent researches in this field are focused on other conversion principles.
Mostly, those new conversion methods rely on different fluid dynamic effects
to transform fluid energy into mechanical vibration. Thanks to those new
approaches, new fluid kinetic energy harvesters have a relatively simpler
structure and longer service time.
For this kind of working principle, the fluid solid structure interaction (coupling
theory) is critical. Related mechanics and fluid dynamics theories need to
be discussed in detail in order to understand the relation between the solid
structure and the fluid behavior, as well as the fluid induced vibration behavior.
A systematic theory specifies for this kind of energy harvester is needed, but
still missing.
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Figure 1.11: Publication statistics from Web of Science on general fluid energy
harvesters and micro fluid energy harvesters
1.4 Challenges of new kinetic energy harvesting
1.4.1 A novel vortex induced vibration (VIV) fluid energy
harvester concept
In this thesis, aiming at utilizing low velocity air to power wireless sensor
nodes, a non-rotating axis fluid kinetic energy converter structure based on the
Kármán vortex street and piezoelectric effect is proposed. The fluid kinetic
energy will be first converted into vibration energy on piezoelectric cantilever;
then due to the piezoelectric effect, vibration energy will be converted into
electrical power for further use. The whole system includes a bluff body,
a tunnel and a piezoelectric cantilever [19, 20]. The working concept is
demonstrated by Figure 1.12. A detailed description is given in the following
part.
The inlet flow will first crash over a bluff body located inside the tunnel with a
Reynolds number in a certain range. According to the Kármán vortex street
effect, a series of alternating vortices are generated on each side of the bluff
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body in downstream. Those vortices have an opposite rotating direction on
each side and travelling to the downstream following with the main flow.
Therefore, an unsteady pressure distribution is formed in the wake flow (Step
1 in the Figure 1.12). By placing a piezoelectric cantilever in this area, the
regular changing pressure can produce a forced vibration on the cantilever. Due
to the piezoelectric effect, the cantilever vibration energy is finally converted
into electrical power. (Step 2 and 3 in the Figure 1.12).
Figure 1.12: Scheme of the vortex-induced vibration fluid energy harvester
concept
As is indicated by the figure, by using the vortex-induced vibration method,
the novel energy harvester concept does not require any rotating component.
Therefore, during the energy conversion process, friction is avoided. This
improvement means that the system can have a higher conversion efficiency
during system miniaturization. In order to further improve the efficiency of the
VIV fluid energy harvester, the related theory, including the fluid dynamics,
vibration dynamics will be discussed in this thesis. The relative coupling
simulation will be carried out as well as the description of the relation between
the solid structure and the fluid behavior.
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1.4.2 Outline of this thesis
The development of vortex-induced vibration micro fluid kinetic energy har-
vesters involves fluid behavior analysis, piezo cantilever vibration analysis,
demonstrator fabrication and measurement. Accordingly, this thesis is divided
into six chapters.
The motivation to develop a micro fluid kinetic energy harvester is introduced
in Chapter 1. The state of the art of micro fluid kinetic energy harvesters is
investigated through a literature review, and the major limitations of those
micro fluid kinetic energy harvesters are discussed. Based on the literature
research, a novel vortex-induced vibration micro fluid kinetic energy harvester
concept is proposed. The conversion principle as well as the structure of the
micro fluid kinetic energy harvester is given.
In Chapter 2, the relation between the structure layout and the fluid behavior
(in the vortex-induced vibration phenomenon) is discussed with the help of
a fluid solid interaction (FSI) simulation model. The related fluid dynamics
theory is reviewed in order to understand the vortex formation process. To
improve the final conversion efficiency, it is important to approach the max-
imum vortex-induced pressure caused by alternating vortices. The further
optimization of the vortex-induced pressure is performed with the help of CFD
simulations. Different methods, including using a specific-sized tunnel and
an optimized bluff body shape, are suggested in order to increase the pressure
difference. Their performances are presented, analyzed and verified by using
FSI simulation.
The piezo cantilever vibration is analyzed with the Euler-Bernoulli beam
theory in Chapter 3. The vortex-induced vibration through the piezo cantilever
is discussed in detail because a different behavior of pressure load cantilever
deformation is observed in the FSI simulation. A model of the piezoelectric
cantilever is carried out to accurately describe the piezo cantilever deformation
and the electric surface charge under pressure load vibration condition.
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In Chapter 4, both the theoretical model and the simulation model developed
in Chapter 2 and Chapter 3 are used to design and to fabricate an energy
harvester demonstrator, which contains a cuboid-shaped bluff body and a
PVDF cantilever. The size of the demonstrator is optimized in order to adapt it
to the targeted air velocity. Furthermore, to increase the output power which is
limited by pressure load deformation, a new multi-method energy harvesting
structure is proposed, which includes an additional electromagnetic coil at the
tail of the cantilever.
Chapter 5 presents the fluid energy harvester test bench, which includes a
low inlet velocity wind tunnel and the necessary measurement devices. The
demonstrator given in Chapter 4 is tested on this test bench. The measurement
data are processed and presented in order to analyze the performance of the
VIV fluid kinetic energy harvester. Furthermore, the results are compared with
those of other reported wind energy harvesters.
The thesis closes with conclusions in Chapter 7. A short outlook is made
regarding the design of potentially high inlet velocity fluid kinetic energy
harvesters in the future.
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2 Fluid-Structure Interaction
analysis and CFD simulation
2.1 Maximum fluid kinetic energy power density
calculation
In order to estimate the theoretically maximum harvestable fluid kinetic energy,
the un-blocked fluid flow’s maximum energy density should be calculated. The
calculation does not only provide a reference fluid kinetic energy density for
the later working efficiency of energy harvester evaluation, but also indicates
the necessary terms to achieve the maximum conversion efficiency of the final
system.
In classical mechanics, the kinetic energy is
E =
1
2
mv2, (2.1)
where m is the mass and v is the velocity of the object. In case of fluid kinetic
energy E f luid , the mass of fluid flow m f luid can be described as a function of
the fluid density ρ , velocity v and the cross section area A:
m f luid = ρAv. (2.2)
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Thus, Equation 2.1 can be rewritten as
E f luid =
1
2
ρAv3. (2.3)
To obtain electrical power out of fluid kinetic energy, after the transformation
the value of fluid kinetic energy should be decreased, which is mainly repre-
sented by the decrease of the fluid flow’s velocity. The mass of fluid is kept
constant, as shown in Equation 2.4:
m = ρAvinlet = ρAv = ρAvoutlet . (2.4)
where Vinlet is the inlet velocity and Voutlet is the outlet velocity of the fluid.
Therefore, Equation 2.3 can be rewritten as
E f luid =
1
4
ρAv3inlet(1−
v2outlet
v2inlet
)(1+
voutlet
vinlet
). (2.5)
Solve the maximum value of the Equation 2.5 by replacing voutlet with n ·vinlet ,
the EMax f luid gives:
EMax f luid =
16
27
· 1
2
ρAv3inlet . (2.6)
According to Equation 2.6, the relation between maximum harvestable kinetic
energy and voutlet/vinlet is drawn in Figure 2.1. The maximum fluid kinetic
energy can only be achieved when the outlet velocity reaches 1/3 of inlet
velocity.
Equation 2.6 is suitable for all kinds of energy harvesting systems, includ-
ing the traditional hydro turbine structure and the vortex-induced vibration
structure.
Compared with traditional hydro turbine approaches, under identical con-
ditions (same inlet, outlet flow velocity and cross section area), the final
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Figure 2.1: Maximum harvestable kinetic energy through vary outlet/inlet
velocity ratio (2 m/s air flow with 1 m2cross section)
transformed energy is limited by the energy lost during the conversation pro-
cess. A major energy loss in the hydro turbine is attributable to friction,
which is mainly produced by the rotating axis and other moveable components
(gears). According to the scale law, the friction depends on the area of the
contact zone, which is proportional to the square of system’s length. When
the system size is reduced, the friction force will be proportionally increased,
which will lead to serious efficiency decrease following system miniaturization.
Besides, practically, the friction also causes material wear to each movable part.
In MEMS system design, due to the limited materials range, the long-term
material wear will be very difficult to overcome. By adopting the proposed
vortex-induces vibration approach, friction can be completely avoided. In turn,
it can improve the efficiency through system miniaturization, and also avoid
structure material wear. All those features make this new VIV approach more
suitable, and reliable for small scale fluid kinetic energy harvesting and can
provide better transformtion efficiency.
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2.2 Fluid mechanics and vortex behavior
analysis
2.2.1 General information
Based on the vortex-induced vibration working principle, the fluid kinetic
energy harvester proposed in this thesis uses various fluid dynamic layouts to
induce and achieve an unsteady fluid flow. The flow’s impact or the unsteady
pressure in the wake flow area will be able to induce the structure vibration.
To achieve this, the most appropriate method is using the Kármán vortex street
phenomenon. The related theoretical background behind this phenomenon
includes the definition of turbulent flow, vortex classification and vortex be-
havior analysis, as well as the Kármán vortex street phenomenon in class of
the flow over object.
2.2.2 Laminar flow and turbulent flow
In fluidic dynamics analysis, fluid flow can be classified into two main types
on the basis of the velocity pattern, the laminar flow and the turbulent flow.
Laminar flow is characterized by the smooth motion of fluid particles with no
random fluctuations. It occurs when a fluid body flows in parallel layers, with
no disruption between the layers. This characteristic is illustrated in Figure
2.2 by measuring the velocity distribution v = v(x) of a statically steady flow
at an arbitrary position vector x. It also shows non-time-dependent random
fluctuations.
In contrast, turbulent flow is a flow characterized by chaotic and stochastic
property changes. This includes low momentum diffusion, high momentum
convection, and rapid variation of pressure and velocity in space and time.
In order to distinguish laminar flow and turbulent flow, the Reynolds number
(Re) is introduced, which is a dimensionless parameter measuring the ratio of
38
2.2 Fluid mechanics and vortex behavior analysis
(a) (b)
Figure 2.2: Laminar (a) and turbulent flow (b) velocity at arbitrary position
vector
inertial forces to viscous forces. This dimensionless parameter was first intro-
duced by the Irish physicist George Gabriel Stokes, and named by Osborne
Reynolds, who prepared the well-known fluidic experiment to demonstrate
how to distinguish those two different flow conditions [21]. And based on
those experimental results, the Re number can be defined as Equation 2.7,
where ρ is the density of the fluid, V is the fluid velocity, Dp is the diameter of
pipe and µ is dynamic viscosity of the fluid. And in case of flow over a solid
body, it can be rewritten as Equation 2.8, where v is the inlet fluid velocity, D
is the diameter of the solid object, and ν is the kinematic viscosity of the fluid:
Re =
ρV Dp
µ
, (2.7)
Re =
vD
ν
. (2.8)
Under the conditions of flow current past over a solid object, when the
Reynolds number is in the range of Re < Recrit (where the Recrit is the Critical
Reynolds number and the value is equal to 2300), the flow is still maintained
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Figure 2.3: Boundary layer development along a flat plate (U is the fluid
velocity in x-axis direction) [21, 22]
as a laminar flow, and by keeping the geometry of the pipe, following the
increasing of inlet velocity, the Re will rise and as a result, the Reynolds
number will be above the Critical Reynolds number(Re > Recrit). This will
cause the flow to be transformed from laminar flow to a turbulent flow, and a
turbulent flow pattern will be observed in the wake (as show in Figure 2.3).
2.2.3 Vortex
A vortex can be classified as one kind of turbulent fluid flow, which features
spiraled motion with closed streamlines. It also can be described as a motion
of the fluid swirling rapidly around a center. It can be induced by applying
spinning or agitating motion to the fluid. With the fluid energy harvester
proposed in this thesis, the vortex is excited by a partial inversion velocity
gradient (as Figure 2.4). The gradient is caused by drag when fluid flow pass
over the solid structure surface.
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Figure 2.4: Velocity gradient of fluid flow pass an object
Based on the behavior of different vortices, they can be classified into three
different types: free vortex, forced vortex and combined vortex. In free vortex,
the tangential velocity vθ varies inversely as the distance r from the center of
rotation as Equation 2.9 where w is a constants. The vortex is irrotational in
terms of its behavior, and it can be described by the velocity potential.
vθ =
w
r
. (2.9)
Unlike the free vortex, in a forced vortex, the fluid rotates as a rigid body (no
shear). So the tangential velocity vθ as Equation 2.10 shows, is proportional
to r and K is a constant. This type of vortex motion is rotational and cannot be
described by the velocity potential.
vθ = Kr. (2.10)
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(a) Free vortex (b) Forced vortex
Figure 2.5: Velocity distribution in different types of vortices
In practical engineering situations, most vortices can be classified as combined
vortices. A combined vortex usually includes a free vortex and a forced vortex
in the single model at the same time. One of the best-known combined vortex
is Rankine vortex, which is widely used to describe a most common vortex
system in the nature (Tornado for instance) [23, 24]. The Rankine vortex
consists of a forced vortex as a central core and a free vortex as the outer core.
The typical Rankine vortex velocity distribution is shown in Figure 2.6. The
tangential velocity vθ of Rankine vortex can be described through Equation
2.11 where r0 corresponds to the radius of the central core.
vθ = Kr r ≤ r0vθ = wr r > r0 (2.11)
As [25] mentioned, the vortices produced by the Kármán vortex street effect
can be treated mainly as combined vortices. The Rankine vortex model is
also suitable to be used to describe the vortices, which are generated by the
Kármán vortex street.
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Figure 2.6: Velocity distribution of a combined vortex (Rankine vortex)
The pressure forced on the surface of the piezo-cantilever is generated by
vortices. According to the description of Bernoulli’s principle (as shown in
Equation 2.12), the rise in fluid flow velocity is accompanied by a decrease
in the fluid’s potential energy or pressure. The different flow velocities in
different layers will result in a pressure differential between those layers.
Therefore, a velocity gradient distribution as shown in Equation 2.11 will also
cause a pressure gradient distribution in the pressure plane.
1
2
ρv2+ρgz+ p =Constant, (2.12)
where ρ is the density of the fluid, g is the gravity of earth, z is the depth of
the plane and p is the static pressure. The second term of the Equation ρgz
and the static pressure p for these other flows on the same plane are identical.
Therefore, the second and the third term of the Equation 2.12 can be eliminated
during the pressure differences calculation. In turn, the pressure difference4p
between upside and downside of the piezo-cantilever caused by vortices can
be rewritten as,
∆p =
1
2
ρv2lam−
1
2
ρ(vlam± vrot)2, (2.13)
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where vlam is flow velocity of laminar flow in the downstream direction, and
vrot is the rotational velocity from the vortex’s motion.
To roughly evaluate the range of pressure difference caused by vortices, we
can estimate the value of vrot is equal with vlam. Therefore, Equation 2.13 can
be rewritten as,
p = 12ρv2lam clockwisep =− 32ρv2lam counterclockwise . (2.14)
2.2.4 Flow past objects and Kármán vortex street
Flow past objects is used to describe various aspects of flow over bodies, which
are immersed in fluids. Examples include the flow of the fluid medium around
airplanes, automobiles, stones and the energy harvesters proposed in this thesis.
In these situations, the object is completely surrounded by the moving fluid
flow, which will gives rise to a directly resultant force (including lift/drag
force, fluid impact force) between the object and the fluid. Furthermore, it
will also influence the flow behavior in the downstream region and leads to a
turbulent flow when the flow achieves a specific Reynolds number. Therefore,
a vortex-induced unsteady pressure distribution can also be expected in the
downstream area.
Unlike the energy harvesting approach used in [14, 15], in vortex-induced
vibration fluid energy harvesters, the surrounding flow g force on the surface
of the cantilever is relatively small under low fluid velocities. Therefore,
its contribution to the cantilever excitation forces is negligible. Also, with
the energy harvester fixed on the clamping kit, those vibrations caused by
direct fluid impact force are avoided. As a result, the vortex-induced vibration
fluid energy harvesting approach is mostly utilized in the unsteady pressure
distribution in the wake flow region. The unsteady pressure distributions,
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mainly induced by vortices formation process and vortices traveling in the
downstream area, makes those vortices behaviors vital for the vortex-induced
vibration energy harvester design.
Kármán vortex street belongs to a special situation in flow past solid objects,
which is a physical phenomenon where a series of vortices are generated by a
non-turbulent flow crushing over a flow disturbance (a solid object immersed
in the fluid flow. In the following section, it is referred to as “a bluff body”).
Those vortices have opposite rotational directions, which are alternating from
both sides of the bluff body and traveling along with the main flow. The
visualization of the vortex street in cross section under various Reynolds
numbers is given by Williamson [26][27]. Figure 2.7 is taken with the help
of aluminum flake. This phenomenon has a direct bearing on many different
engineering fields, because the alternate shedding of vortices in the near wake
will lead to large fluctuating pressure forces in a direction transverse to the
flow. The fluctuating pressure forces can induce structural vibrations and
acoustic noise. Furthermore, the resonant vibration caused by the classical
vortex street configuration can trigger a structural failure. This flow-induced
construction resonant vibration must be avoided during the architectural design.
Alternatively, in terms of vortex-induced vibration energy harvester design,
this phenomenon should be used to ensure that the piezo-cantilever works
under resonant vibration will achieve higher conversion efficiency.
The first fundamental research on vortex streets excited by fluid flow past solid
objects was carried out by Strouhal in 1878 [28], which involved a series of
measurements of sound frequencies produced by translating cylindrical rods
through air or the wind blowing over a wire/string in an Aeolian harp. Those
frequency data were normalized by Lord Rayleigh in 1915 [29] using the
Strouhal number and Reynolds number. As mentioned in their contribution,
to achieve a Kármán vortex street, the Reynolds number must be in a range
between 47 and 10000 (for circular cylinder-shaped bluff bodies), which is
determined by the fluids kinematic viscosity, velocity and the diameter of the
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Figure 2.7: Visualization of laminar and turbulent vortex streets in cross sec-
tion under various Reynolds numbers (the aluminum flake vi-
sualization are from Williamson 1995, schlieren photograph at
Re=270,000 is from Thomann 1959)
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bluff body (as is shown in Equation 2.8). The vortices shedding frequency
can be described with Strouhal number as is shown in Equation 2.15, where D
is the diameter of the bluff body, v is the flow velocity and St is the Strouhal
Number
St = f · D
v
. (2.15)
In the range of Re≤ 2×105 this formula also can be rewritten as:
f f luide ·D
v
= 0.198
(
1− 19.7
Re
)
. (2.16)
For ease of calculation, when the Reynolds number is within this range, the
Strouhal Number can be considered as 0.2.
The descriptive understanding of near wake vortex formation comes from
Gerrard (1966) [30] and Perry et al (1982) [31]. Gerrard suggested that
forming vortex draw the shear layer (of opposite sign) from the other side
of the wake across the wake center line, eventually cutting off the supply of
vorticity to the growing vortex. Perry et al drew the instantaneous streamline
patterns (as is shown in Figure 2.8) to explain this process in detail.
At the start of motion, the wake cavity contains a symmetrical pair of equal
and opposite recirculating flow regions on either side of the wake. When the
vortices begin to shed, this cavity opens and instantaneous ’alleyways’ of fluid
penetrate the cavity. To relate this process with Gerrard’s interpretation, the
anticlockwise vortex A is growing in strength from (a) to (d). In sketch (e), a
saddle point S forms at the lower side of body, this cuts off any new supply of
vorticity-bearing fluid to vortex A and instead forms a new vortex at the body.
The length of the vortices formation region is interesting, which is not only
relative to the vortices’ generating but also has an impact on a series of
important geometry parameters in the following structure geometry design,
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Figure 2.8: Model of vortex shedding using topology of instantaneous stream-
lines and the process of vortex formation from a cylinder, which
have been interpreted in terms of instantaneous streamlines [31]
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such as the length of the piezo-cantilever and the distances between the bluff
body and the piezo-cantilever.
The vortex formation length can be defined as a point P in the downstream of
bluff body where the velocity fluctuation level has grown to a maximum as is
shown schematically in Figure 2.9. In [32] it has been found that generally an
increase in formation length L f /D is associated with a decrease in the level
of the velocity fluctuation maximum u’rms/U . As shown in Figure 2.9b, the
length of vortex formation corresponds to the dimension of the bluff body and
the fluid velocity.
(a) Vortex formation region sketch (b) Formation length in wake
Figure 2.9: Vortex formation region in bluff body wake
In practice, according to a series of experimental reports [33, 34], the formation
length for vortices cannot be kept linear when the Reynolds number varies.
Based on Williamson’s work [35], the vortex dynamic behavior in the bluff
body wake through a continuous Reynolds number range (from 49 to 200,000)
could be divided into 8 different regimes according to their difference in fluid
behavior. The Reynolds number of the energy harvesting system is selected
based on this theory in order to ensure an optimized performance. The details
of the Reynolds number selection are introduced in the section on demonstrator
design (4.1.2 and 4.1.3.2). The practical vortex formation length in a specific
Reynolds number range is also discussed in the same chapter.
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Except the length of the vortex formation area, both the model of vortex and
the vortices pattern are major impact factors in the design and performance of
the fluid energy harvester.
According to literatures [25, 26, 36], in the field of fluid dynamics research,
the Rankine vortex models are put forward to describe the vortices behavior in
the cylinder wake. As has been mentioned in the previous section, the Rankine
vortex model involves the combined vortex, which is usually represented by
an inner core forced vortex, combined with an outer region where the velocity
profile is the same as that of a free vortex (as shows in Figure 2.6).
The pattern of vortices in the wake flows has been first investigated by Von
Kármán, who went on to investigate the linear stability of point vortex con-
figurations [37, 38]. Von Kármán showed analytically and confirmed experi-
mentally that the pattern of vortices in the wake flow follow a mathematical
relationship:
hv
lv
=
lv
pi
sinh−1{l} = 0.281. (2.17)
As has been explained in Figure 2.10, hv is the distance between two vortices
row and lv refers to the distance between vortices in the same row.
Figure 2.10: Pattern of vortex street layout in the bluff body downstream
Additionally, the vortices in the wake are travelling along with the wake flow,
therefore the traveling velocity of the vortex can be approximately equal with
the undisturbed flow velocity. As a result, by combining with the vortex pattern
in the wake flow, the vortex behavior in the wake flow can be described.
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2.3 Fluid domain CFD modeling and simulation
2.3.1 Meshing
As has been mentioned in [32, 35], because of the complexity of the fluid dy-
namic model and the unsufficient boundary conditions, it is practically impos-
sible to predict the vortex behaviors in the turbulence wake flows exclusively
on mathematical analytical model. Therefore, numerical CFD simulation is
carried out to describe the vortex formation process and the fluid dynamics
behavior in the wake flow. The cylinder shaped bluff body surrounding flow
simulation is introduced in this section. A series of CFD simulation meshes are
built up in order to perform the CFD simulation. The major steps to prepare
a CFD mesh is introduced in this section. The entire process of the CFD
simulation mesh preparation is presented in Figure 2.11.
Figure 2.11: The flow chart of CFD simulation mesh preparetion
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In order to simulate the behavior of flows past the energy harvester, a CFD
simulation is carried out. The interaction between the cantilever and the
turbulent flow in the wake is not considered in this simulation. However, this
interaction will be discussed within the Fluid Solid Interaction simulation in
the section 2.5. Hence, the CFD simulation model can be simplified as shown
in Figure 2.12, which is a flow past the bluff body.
Figure 2.12: The simplified geometry of flow past bluff body used for CFD
simulation
As Figure 2.12 shows, the length (Lexternal) and height (Hexternal) of the external
flow area are given according to the dimensions of the energy harvester. The
bluff body is located at the front part of the external flow area. The distance
between the center of the cylinder-shaped bluff body and the front end of the
fluid field is defined as Pblu f f . The extra space in the rear is used to analyze the
vortex formation process and the fluid behavior. The profile of the bluff body
is given as a cylinder shape. The width of the bluff body (Wblu f f ) is identified
through a calculation according to Equation 2.15. The influence of bluff body
length (Lblu f f ) is discussed as a variable in this thesis. The values of geometry
above can be found in Appendix A.1.1.
The Hexa shape cell/element is selected to create a structured mesh. Compared
with the tetrahedron shape (Tri/Tet) cell/element, the Quad/Hexa element can
provide a relatively higher mesh quality with the least amount of cells. It was
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Figure 2.13: A section of the Pre-mesh close to the cylinder shaped bluff body
considered as a huge advantage of the calculation effort control, because the
computation consumption is directly determined by the number of cells in
the simulation model. A larger cell number can lead to a complex simulation
(includes both the transient simulation and FSI simulation). Furthermore,
Quad/Hexa cell/element mesh also shows a better accuracy with the higher
order scheme, especially for simulating those fluid behaviors which are caused
by the gradual force between a solid surface and the fluid flow.
The flow behavior change near the fluid-solid contact surface is important in
the surrounding flow simulation, while the fluid flow behavior change is mainly
caused by the drag force on the surface. Hence, to receive more accurate results,
the mesh adjacent to the contact surface should be fine enough (The boundary
layer should be resolved with at least 10 mesh nodes) to resolve the boundary
layer flow. Simultaneously, the number of cells needs to be controlled within a
small amount to keep a lower computation consumption. In order to achieve
that, the mesh density is set to gradually decrease from the contact surface
along to the edges (as is shown Figure 2.13). The volume used to represent the
bluff body is deleted from the mesh. Therefore, no fluid flow can access this
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Figure 2.14: Mesh for the cylinder shaped bluff body
region. The detailed mesh preparation process and the relevant parameter setup
are given in Appendix A.1.2. Through these processes, the cylinder-shaped
bluff body mesh used for CFD simulation is given in Figure 2.14.
During mesh preparation, the quality of the mesh needs to be considered, while
poor mesh quality will cause inaccurate solutions as well as a slow convergence
in the CFD simulation. The mesh quality can be judged by density, skewness,
smoothness and aspect ratio. A detailed description of all those parameters
is given in Appendix A.1.3. In principle, the determinant of Jacobian matrix
is used to verify the mesh quality. For most solvers, the minimum acceptable
value is 0.3. Adjustments to improve the mesh quality need to be applied if
the mesh quality does not meet the demand. A method to improve the mesh
quality is introduced in Appendix A.1.4.
The quality of mesh present in Figure 2.14 (contains a cylinder-shaped bluff
body) is checked and verified (by using iecm cfd). The histogram of the mesh
quality is given in Figure 2.15. As the histogram shows, the minimum value
(determinant of Jacobian matrix) is 0.8, which is sufficient for obtaining an
accurate simulation result.
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Figure 2.15: Mesh quality histograms
The shape of the bluff body has an influence on the vortex pressure in the
wake flow. Hence, the bluff body shape is discussed as a variable parameter.
Different meshes which contain different bluff body shapes have been used in
this thesis. These meshes are created in the similar process and presented in
Appendix B.
2.3.2 Model data
In order to reduce the amount of required simulation time, the selected test
fluid medium is water with a temperature of 25oC. The kinematic viscosity
is equal to 0.8× 10−6 m2/s. The reason for the test fluid medium chosen is
based on Equation 2.8. As this equation demonstrates, by using fluid of a
higher kinematic viscosity as the testing fluid, the same Reynolds number
can be achieved by using relatively lower inlet velocity. In case of object
surround flows simulation, the unsteady calculations require a steady solution
as initial condition. Therefore, the inlet flow velocity should be increased
step by step from 0 m/s to the final target velocity. A shorter simulation
velocity range will result in a smaller velocity increasing steps under same
calculation efforts, which will lead to a better convergences. Considering
that the target wind velocity of the final application is between 2 m/s and
10 m/s, in this range, the pressure caused by turbulent flow is not very high,
hence the difference in simulation results between using compressible and un-
compressible fluid can be ignored. The final pressure value will be different, but
regarding Equation 2.13, the variable geometry leads vortex pressure change
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will follow a linear function. Consequently, the result is still able to prove as a
baseline to understand the vortex generation, pattern and further optimization.
Therefore, a lower inlet velocity 0.2 m/s is given regarding Equations 2.8 and
2.15.
Kármán vortex street in the bluff body wake is a specific turbulence condi-
tion. Therefore, a turbulence model is needed for the simulation. The major
available turbulence model in the CFD simulation includes standard k-ω, k-ε,
SST(shear stress transport) and Reynolds-Stress-ω (a short description for
each turbulence model is given in the Appendix C as reference). The k-ω
based turbulence models are well suited for this simulation, because they
allow a direct integration to the wall without having to subdivide the flow
domain into low- and high-Reynolds number regions as required by k-ε based
turbulence models. The studies from [39] show that in the object surrounding
flow simulation, and the difference in the results among the four turbulence
models mentioned above is less than 1%, which is often negligible for practical
purposes. Therefore, the standard k-ω model is chosen as turbulence model in
the thesis.
2.3.3 Boundary conditions
A couple of faces are named on the mesh after created. Five different types
of boundary conditions are applied to those faces according to the object
surrounding flow condition. As Figure 2.16 demonstrates, those boundary
conditions include inlet, outlet, bluff body, open/wall, and the symmetry.
• Inlet
The velocity specified conditions are applied to the inlet boundary.
The magnitude of the inlet velocity is specified as vinlet . In addition, a
medium turbulence intensity level of 5% is specified at the inlet, which
is suitable for unknown flow conditions in nature [40].
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Figure 2.16: The boundary conditions of the fluid simulation
• Outlet
According to the object surrounding flow condition, no compression is
expected in the fluid domain. Therefore, a zero average static pressure
is applied to the outlet boundary.
• Bluff body
As described in 2.2.3, the vortex formed in the wake flow is caused by the
drag force between the surface of the bluff body and the viscosity fluid.
Hence, the surface of the bluff body is set as a no-slip wall boundary
condition. Therefore, the shear stress will be taken into account, the
velocity next to a no-slip wall boundary changes rapidly from a value of
zero at the wall to the free stream value in a short distance away from
the surface of the bluff body.
• Open / wall
The side wall of the fluid domain is set as an open boundary condition.
The relevant value is chosen as pressure. The value is equal to zero. In
later simulations, a tunnel is added. The side wall of the fluid domain is
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used to represent the inner wall of the tunnel. Therefore, during those
simulations, no-slip wall conditions are applied to the side wall instead
of a open condition.
• Symmetry
In order to provide an infinite width at the cross section with the 2-
dimensional simulation, according to the suggestion from the manual of
simulation software [40], a symmetry boundary condition is assumed
for both the top and the bottom layers of the fluid domain.
2.3.4 Initial conditions
In order to observe the Kármán vortex street formation process in the wake
flow, the inlet flow velocity is increased step by step from Vinitial (0 m/s) to the
final target velocity Vinlet .
2.3.5 Time discretization
Within the CFD simulation solver, high resolution is applied for the spatial
discretization of momentum equations. In time, the second order backward
Euler discretisation is used for the transient scheme. A convergence criterion
based on the maximum residuals (εmaxresiduals) was reached at every time step
with 1 to 10 coefficient loops (sub-iterations) per time step. The simulation
time step has an influence on the vortex shedding frequency result. As reported
by [39], using the minimum time step size of about 100 time steps per shedding
period, the simulation accuracy can be obtained within 1% (Error). The time
step is defined as Tstep. The value of Tstep is given based on relevant vortex
shedding frequency. The value of Tstep which is used in the simulation can be
found in Appendix A.4.
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2.3.6 CFD simulation result analysis
Because of the complexity of the fluid dynamic model and the insatiate bound-
ary conditions, it is practically impossible to predict the vortex behaviors in the
turbulence wake flows exclusively on a analytical model. Therefore, numerical
CFD simulation is needed to describe the vortex formation process and the
fluid dynamics behavior in the wake flow.
The most interesting information to be expected from the CFD simulation
results is the vortex-induced pressure, the vortex shedding frequency and the
vortex pattern (which includes the length of the vortex formation region, the
size of the vortex and the location of vortex core).
Figure 2.17: Plot of the velocity distribution of the cylinder-shaped bluff body
In order to explain the fluid behavior and the vortex formation process in the
wake flow, the plot of the velocity distribution (Figure 2.17) is introduced.
Furthermore, the velocity vector is given in the same plot as a reference. As
the transient simulation result indicates, with an incoming flow, the boundary
layer on the bluff body with circular edges remains laminar at the beginning of
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the bluff body profile. With the further streaming, the boundary layer becomes
turbulent after the front-mid-curve of the cylinder (Separate point). Therefore,
the vortex is formed and shed after the bluff body. The shed vortices are
travelling along to the downstream with the main flow and form the Kármán
vortex street.
(a)
(b)
Figure 2.18: Simulation result plot for the cylinder shaped bluff body
The pressure distribution in the wake flow is given in Figure 2.18b. According
to the Bernoulli’s principle, this pressure distribution in the wake is generated
by the velocity gradient. On the plot of the pressure distribution (Figure 2.18b),
a couple of low-pressure regions in the wake can be discerned. The plot of
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the velocity distribution (Figure 2.17) has confirmed that those alternating low
pressure regions are created by shedding vortices. The size of the vortices
is measured in order to determine the geometric configuration of the energy
harvester in Chapter 4. The size of the vortex formation region is also measured
in order to determine the length of the cantilever.
In order to evaluate the vortex-induced pressure in the wake, two monitoring
points need to be placed at the center of the first vortex core in the bluff body
awake. According to the simulation result given in Figure 2.18, the location
of two points has been set at 2.38 mm behind the bluff body. The distance
between those two points is 2.4 mm, and they are symmetric to the center
axle. The two crosses are used to indicate the location of those two monitoring
points in Figure 2.16 and 2.18b.
During the simulation, the vortex-induced pressure changes at the monitoring
points have been recorded. The time-varying pressure difference between
those two monitoring points is given in Figure 2.18a. The maximums vortex-
induced pressure applied on the cantilever is presumed equal to this pressure
difference.
The vortex shedding frequency in the wake flow can be identified through
applying Fourier transformation to time-varying pressure values given in
Figure 2.18a. Table 2.1 shows a comparison of analytical results of the vortex
shedding frequency, maximum vortex-induced pressure and the length of the
vortex formation region with the CFD simulation result.
Table 2.1: CFD simulation result and theoretical calculated result
Theoretical calculation CFD simulation result
Vortex shedding frequency 19.89 Hz (Eq.2.15) 20 Hz
Max. Vortex-induced pressure 20 Pa (Eq. 2.13) 24 Pa
Length of formation region <12.6 mm (Eq. 2.17) 8.43 mm
The analytical vortex shedding frequency is calculated by Equation 2.15.
According to [35], the Strouhal number used in this calculation is given based
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on the experimental data from aeroelastic flutter of cylinder shaped wire.
Therefore, the results of the vortex shedding frequency usually have a good
agreement with the real action in the cylinder shaped bluff body wake.
As the table shows, thanks to the appropriate turbulence model and time step,
the simulated vortex shedding frequency has a good agreement compared to
the analytical result. Furthermore, the simulation results of the maximum
vortex-induced pressure and the length of the vortex formation region is also
close to analytical results given by Equation 2.13 and 2.17.
The vortex-induced pressure difference is considered as a major excitation
force on piezoelectric cantilever. The flow impact on the bend cantilever has
been ignored in this thesis. Therefore, it is important to use an appropriate
approach to improve the maximum pressure difference caused by alternating
vortices. The optimization method is discussed in the section 2.4.1.
With the help of the transient CFD simulation, a secondary vortex generation
in the wake is noted. The secondary vortex is a small vortex shedding and trav-
eling following the main vortex. It caused a Non-Sine function vortex-induced
pressure, which is observed in the simulation result (shown in Figure 2.18a).
The secondary vortex has a huge impact on the final energy harvester perfor-
mance. Therefore, an inhibition method of partial cutting off the crossover
flow is discussed in the section 2.4.2.
2.4 Energy harvester bluff body optimization
2.4.1 Vortex-induced pressure and bluff body profile
analysis
In order to achieve the best system performance, the conversion of the fluid
kinetic energy to piezo-cantilever vibration energy needs to be maximized.
According to the basic working principle (described in Chapter 1), the vortex
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shedding frequency and the vortex-induced pressure difference in the wake
flow directly determine the amplitude and the frequency of cantilever vibration
The simulation results given in Table 2.1 indicate that Equation 2.15 can
be used to predict the vortex shedding frequency in the energy harvester.
According to [41], this equation is given based on a series of experiments. It’s
been proven to be suitable for a wide range of conditions. As the equation
indicates, the vortex shedding frequency is determined by the fluid velocity,
the Strouhal number and the bluff body dimension. Therefore, with given
velocity and fluid media properties, the vortex shedding frequency is only
related to the dimension of the bluff body leading edge (Wblu f f ). The profile
of the bluff body and the fluid field layout has very little impact on the vortex
shed frequency.
The vortex-induced pressure difference is determined by the flow velocity
and the profile of the bluff body. With a given fluid velocity, the value of
vortex-induced pressure depends on the profile of bluff body. Unfortunately,
the previous researches in this field are mostly focused on avoiding the vortex
formation. Because in civil engineering, scientists try to avoid flow induced
vibration in buildings or other structures to reduce possible damage. Due to
the complexity of the turbulent flow, until now there has been no mathematical
equation which could be used to describe the relation between bluff body
geometry, shape and the vortices induced pressure difference in the bluff body
wake [35]. Therefore, in order to achieve the best system performance, the
influence of the bluff body profile and fluid field layout to the vortex-induced
pressure has been investigated in this thesis.
As Equation 2.15 indicates, by keeping the identity inlet flow velocity and
vortex shedding frequency, the dimension of the bluff body leading edge
(Wblu f f ) is fixed. Hence, the value of vortex-induced pressure difference is
only dependent on the shape of the bluff body, rather than on the width of bluff
body.
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As has been described in [10] the vortex-induced pressure is given by the fluid
flow velocity difference. And since the vortex street’s pattern is presented as
Figure 2.18, the pressure difference can be roughly represented as the pressure
subtraction of two vortex row
p =
ρ
2
v2lam−
ρ
2
(vlam− vrot)2, (2.18)
where vlam is the flow velocity of laminar flow in the downstream direction,
and vrot is the maximum rotational velocity of the vortex’s motion (which is
the Vθ in Figure 2.6 where the r = r0). As the Equation 2.18 indicates, to
maximize the pressure difference, an optimized velocity of the flow must be
considered.
Presume the rotational velocity vrot is proportional to the flow velocity of
laminar flow vlam,
vlam = k · vrot (2.19)
By substituting vrot to the
vlam
k the equation can be written as:
Pvortex induced =
ρ
2
[v2lam− (vlam− vrot)2] =
ρ
2
[v2lam− (vlam−
vlam
k
)2]. (2.20)
By keeping the same fluid kinetic energy as input, the flow velocity of laminar
flow is a constant. Therefore, the pressure difference Pvortex induced is deter-
mined by the velocity factor k. As Equation 2.20 indicates, vortex-induced
pressure difference will increase as the flow velocity factor k decreases. Com-
bined with the vortex generating process, which has been introduced in the
section 2.2.3 and 2.3.6, this kind of condition requires a very early vortex
shedding.
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As mentioned in 2.2.3, during the flow past the bluff body, the flow separation
occurs when the boundary layer travels far enough against an adverse pressure
gradient where the speed of the boundary layer relative to the object falls
almost to zero. The fluid flow becomes detached from the surface of the object,
and instead takes the forms of eddies and vortices. By further analysis, the
boundary layer speed decrease is caused by the fluid drag.
During the fluid flow past an object, the drag force is in the flow direction. The
drag takes two forms, friction drag and form drag [34, 41].
The friction drag is due to the viscous shearing that takes place between the
solid object and the layer of fluid immediately above it. It occurs on the
surface of objects that are long in the direction of flow compared with the
width (Wblu f f ).
Different from the friction drag, form drag applies to a bluff body that is tall
in comparison with the length. When the fluid speeds up around the leading
edge and the boundary layer quickly breaks away from the surface. The fluid
is sucked in from behind the bluff body in the opposite direction, where build
up positive pressure on the front of the bluff body and a negative pressure at
the back. The pressure force resulting is the form drag.
After comparing the impact from both the friction drag and the form drag
under the fluid energy harvester’s configuration, it can be seen that the friction
drag results in a pressure and kinetic energy loss along the length of the bluff
body. The form drag is turning the fluid kinetic energy into the pressure by
producing eddy currents or vortex in the wake. In reality, the drag is always
a combination of friction and form drags. The degree of each depends upon
the shape of the bluff body in the flow. Therefore, in the design of the fluid
kinetic energy harvester, the profile of the bluff body must be optimized in
order to ensure the maximum conversion efficiency. The friction drag needs to
be reduced to the minimum, and the form drag must be enhanced.
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Figure 2.19: The scheme of form drag on the bluff body surface
According to [34, 41], when the fluid separation point is at the front corner,
the drag force is almost entirely due to the form drag. But if the separation
point moves along the side towards the back, a boundary layer forms and the
friction drag is also produced. Therefore, the separation point should move to
the front of the bluff body in order to achieve higher conversion efficiency.
Formdrag =
∮
psur f ace sinθdAblu f f (2.21)
In order to achieve an early vortex shedding, the form drag force is reviewed.
As Equation 2.21 shows, the form drag is calculated by taking the integral
of the pressure (psur f ace) on the surface times the sine function of the object
(θ ) over the entire surface area of the object (Ablu f f ) (the scheme is given in
Figure 2.19).
According to this equation, it can be easily figured out that the maximum form
drag is given by the sharp leading edges on the bluff body, where θ is equal to
90o.
A triangle-shaped bluff body is proposed in advance. It is suggested to be
utilized as the bluff body for the vortex flow velocity meter [42]. In order to
verify the performance of the triangle shaped bluff body as a bluff body in the
fluid energy harvester, a CFD simulation is performed. The width of the bluff
body (Wblu f f ) is similar to the previous cylinder shaped bluff body simulation.
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Therefore, the result of the cylinder shaped bluff body simulation will be used
as reference.
(a)
(b)
Figure 2.20: Simulation result of triangle shaped bluff body
The simulation results are presented in Figure 2.20 and Figure 2.21. As the
simulation result (Figure 2.21) indicates, the boundary layer separation point
of the fluid is moved to the front of the bluff body by applying the triangle
shaped bluff body. Therefore, it is confirmed that by using sharp leading
edges with an un-streamlined front profile design, the bluff body can move the
boundary layer to the front of the contact surface.
In principle, this major change will also result in a higher vortex-induced
pressure difference in comparison with the cylinder-shaped bluff body, while
the friction drag between fluid and bluff body is reduced. But as the pressure
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Figure 2.21: Velocity vector in the triangle-shape bluff body wake flow
contour plot given in Figure 2.20b shows, no obvious vortex can be observed
in the downstream region. It is confirmed with the pressure plot at Figure
2.20a.
The pressure difference is reduced to 8.5 Pa which is relatively small compared
with that of the previous cylinder profile bluff body (24 Pa). It is shown in
Figure 2.21 that the vortex formatting region is moving forward following the
flow separation point moved to the front of the bluff body. As a result of this
change, the vortex is formed even before reaching the tail of the triangle bluff
body. Therefore, the extra length of the bluff body’s tail cuts the recirculating-
flow in the vortex formation region and separates it into two areas. As is shown
by Figure 2.8 and related description given in [31], cutting the recirculating
flow can lead to a delay in the vortices shedding process, which will cause
extra vortex-induced pressure losses. A similar principle is discussed and used
for inhibiting the vortex-induced vibration in architecture and structural design
[43, 33]. Furthermore, under this kind of configuration, the vortex travels along
to the tail of the triangle bluff body after it is formed. The rotating speed of the
vortex (Vrot ) is reduced by the friction drag force on the fluid-solid surface. As
the result of those two reasons, the triangle-shaped bluff body can move the
68
2.4 Energy harvester bluff body optimization
flow separation point forward, but it cannot provide sufficient vortex-induced
pressure to drive the cantilever through the extra length in flow direction.
(a)
(b)
Figure. 2.22: Simulation result of cuboid-shaped bluff body
Based on the analysis from the triangle-shaped bluff body simulation, a cuboid-
shaped bluff body is proposed as an alternative bluff body profile. Compared
with the triangle shaped profile, the cuboid-shaped bluff body also has a similar
un-streamline profile and a sharp leading edge [44]. In turn, it can move the
boundary separate point forward in order to reduce the friction drag and leads
fluid kinetic energy loss. Furthermore, the length of the bluff body is reduced.
Thus, blocking of the crossing flow in the wake region is avoided.
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The time variable pressure difference of two monitoring points and pressure
distribution of the curved shaped bluff body simulation is given in Figure
2.22a and Figure 2.22b. As a result, the vortex-induced pressure difference is
successfully increased up to 82 Pa, which is almost four times higher than the
pressure difference of cylinder-shaped bluff body profile.
(a)
(b)
Figure. 2.23: Simulation result of additional tunnel
Generally, a higher Reynolds number usually indicates a more intense vortex
which results in a higher vortex-induced pressure difference in the wake
flow. As Equation 2.8 shows, the Reynolds number of the energy harvester is
determined by the inlet velocity and the bluff body width (Wblu f f ). It is noticed
that this equation is given under the fluid past an object in the infinite plane.
Thus, the alternative method for partly increasing the Reynolds number in the
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fluid flow is considered. As a result, the application of a tunnel is suggested in
this thesis.
When the fluid pass through a tunnel, and the effect of the bluff body is
not considered, the Reynolds number inside the tunnel can be identified in
Equation 2.7, which is a function of tunnel dimension. Accurate analytical
solution of the bluff body wake flow behavior in the tunnel has not found in
articles.
It is reported in [42] on vortex-street-based flow velocity meter design, by
adding a tunnel of 24% of the width of the bluff body (Wblu f f ), the vortex in
the wake can be enhanced. A CFD simulation is performed in order to verify
the preferment of the tunnel. According to the bluff body width, the inner
diameter of tunnel is given as 8.06 mm. The bluff body profile is taken as the
cylinder, in order to compare the results with the previous simulation. The
simulation result is demonstrated as a pressure plot in Figure 2.23b, and the
time-variable pressure curves in Figure 2.23a. As is shown by the simulation
result, it is in line with those publications. By utilizing an additional tunnel,
the vortex- induced pressure is increased up to 25 Pa, which is 3% of the
original value. It should be noted that the vortex-induced pressure difference is
depended on the square of inlet flow velocity, which means this improvement
method can cause a huge difference under higher inlet velocity application
conditions.
2.4.2 Secondary vortex inhibits/controlling
As has been noted in the previous segment, during the cylinder-shaped bluff
body simulation, a secondary vortex is observed (Figure 2.18). It can be
noticed through those small secondary pressure peaks which are presented
following the main peaks in every cycle. By further analyzing the pressure
contour (Figure 2.18) and the transient simulation animation, it is confirmed
that those small pressure peaks are contributing to a secondary vortex. As
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the simulation demonstrates, the secondary vortex is a small vortex which is
generated and travels following the main vortices. Actually, the secondary
vortex is also discovered and verified by different fluids mechanical research
group. In the articles [42, 45, 46], it is reported that the secondary vortex
is also observed in the fluid mechanics experiment. Compared with those
publications, the simulation is comfortably in line with those experimental
results.
The secondary vortices’ impact on the final fluid energy harvester is analyzed.
As has been noted in the previous segment, the pressure difference given in
Figure 2.18 is considered as the driving force for the Piezo-cantilever Vibration.
Thus, combined with the force vibration theory, the secondary vortex-induced
pressure peaks observed on the pressure difference curve will result in extra
damping during the piezoelectric cantilever vibration. Therefore, fluid kinetic
energy is wasted, which leads to a limited electronic output. In order to
further improve the working efficiency of the fluid kinetic energy harvester,
the secondary vortices must be inhibited. The vortex generating process in
the cylinder shaped and triangle shaped bluff body simulation is reviewed in
detail.
During the simulation result review, vortex street pattern in the triangle shaped
bluff body simulation is noted. The triangle shaped bluff body simulation
has been demonstrated the bluff body which contains an extra structure in
length will cut off this flow crossover region, as a result of which, the shedding
vortex rotation velocity is reduced. Therefore, the vortex-induced pressure
difference is very limited in the wake flow. But simultaneously, this change
also leaves a relatively regular vortex street pattern in the wake flow. It is
observed in the plot of pressure contour and the pressure monitor data in the
wake flow. This phenomenon can be explained by using the vortex formation
process, which has been described in the previous section. The tail of triangular
bluff body serves as “split stiff board”, which interrupts or inhibits vortices
generation by cutting off the crossover flow. A similar effect is discussed in
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the articles [43, 47] as a method to reduce the vortex-induced pressure damage
to the construction. As the simulation result suggested, this method shows
more impact on the secondary vortex generation because lower strength of
secondary vortex. The same method is also reported in publications [42, 48]
in connection with the vortex flow velocity meter design. As the article claims,
by using a triangular or a T-shaped bluff body, the secondary vortex generating
issue (presented as the signal/noise rate of the flow velocity in the vortex flow
velocity meter) can be significantly improved. Therefore, a similar strategy is
discussed in order to design a bluff body which contains an especially designed
tail. In designing the length and shape of the tail, the crossover flow should
be partially cut. Hence the secondary vortex can inhibit or avoid without
sacrificing any difference in serious vortex-induced pressure (compared with
the triangular bluff body).
Following the further analyzed based on the triangular bluff body simulation, it
is pointed out that simply using the long tail structure or other “split stiff board”
configuration (like a T-shape bluff body which is proposed in the [42, 48])
to inhibit the secondary vortex will lead to critical vortex-induced pressure
losses. While the extra tail structure has an extraordinary strong impact, hence
not only the secondary vortex but also the main vortex is inhibited. Therefore,
an alternative tail structure for reducing the crossover flow is discussed. The
deadening awl is suggested as a potential tail structure. Compared with
the single extra tail structure, the deadening awl can reduce and decay the
inverse rotational flow component from the crossover flow without completely
interrupting the generation of crossover flows. By combining the cuboid
profile with a deadening awl tail, a comb-shaped bluff body is introduced to
reduce or entirely avoid pressure peaks caused by secondary vortex instead of
another bluff body profile containing a long tail. CFD simulation based on the
comb-shaped bluff body is carried out in order to verify the performance. The
simulation result is given in Figure 2.24 and Figure 2.25.
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(a)
(b)
Figure 2.24: Simulation result from the comb-shaped bluff body
Figure 2.25: Velocity vector in the comb-shaped bluff body wake flow
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As Figure 2.24 demonstrates, by using a comb-shaped bluff body, the impact
of secondary vortices is minimized. Meanwhile, the main vortex-induced
pressure difference is reduced to 46 Pa, which is still 2 times higher than the
cylinder-shaped bluff body simulation’s 24 Pa. This change results loss in
vortex-induced pressure; however, considering that it reduces or avoids the
damping force provides by the secondary vortex, the system can achieve better
performance in the high velocity condition.
2.5 FSI coupling simulation
2.5.1 Separated fluid and structure simulations for the
coupling simulation parameter test
It is crucial to evaluate cantilever vibration response under the flow vortex-
induced pressure excitation in the surrounding fluid flow. Simultaneously, the
cantilever structure deformation also changes the fluid field configuration while
the varies profile of the cantilever. As the response, it can result in an extra vary
pressure on the surface of the cantilever. In order to investigate the interaction
between the bluff bodies-induced vortex street and the cantilever structure in
the wake flow, a transient Fluid Structure Interaction (FSI) simulation model
is carried out. The result of the FSI simulation is also used to prove and verify
the optimized system performance.
According to the description of the fluid kinetic energy harvester, fluid structure
interaction is the interaction of some movable or deformable structure with a
surrounding fluid flow. In general, it is often too complex to solve analytically
and so it has to be analyzed by means of numerical simulation. Usually, the
FSI problems fall into two general categories; one-way and two-way.
In order to analyze the behavior of the fluid kinetic energy harvester in the
fluid flow, both the impacts of fluid flow on the bluff body and that of bluff
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body deformation on the fluid flow must be counted. Therefore, a two-way FSI
simulation model must be considered. The solution for two-way fluid structure
interaction requires co-simulation between computational fluid dynamics and
structural mechanics. Hence, high demand for calculation effort and simulation
time can be expected. Additionally, thanks to this complexity, it will be liable
to make an error and different to correct.
In order to overcome these complexities of coupling simulation, the simulation
flow given in Figure 2.26 is proposed. The whole model is divided into two
parts (as Figure 2.26 shows) at first, computational fluid dynamics model and
structural mechanics model.
• The fluid domain part CFD simulation aims to understand the fluid
response which includes the fluid behavior behind the bluff body and
the vortex pattern in the wake flow. The optimization aims to improve
the system performance by utilizing optimized bluff body profiles and
an additional tunnel is also discussed.
• The structure domain simulation is intended to verify the resonant
frequency of the cantilever. The minimum loading time step for the FSI
coupling simulation is also tested in this model. Furthermore, the model
is also used to predictthe possible maximum cantilever deformation
during the coupling simulation. This information is used to appropriately
set the fluid mesh where the large deformation is expected.
Therefore, the computational fluid dynamics model and the structural mechan-
ics model is built up, simulated and optimized separately. The failure of any
simulation can be detected in the early stage, hence the complicated problem
in coupling simulation can be avoided, especially for the few inappropriately
designed mesh or boundary condition which can cause an error through both
domains.
After both computational fluid dynamics model and the structural mechanics
model are tested, both models are used in the FSI simulation. An FSI interface
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Figure 2.26: The flow chart of FSI simulation parameter setup
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is symmetrically configured in both the fluid dynamics model and the struc-
tural mechanics model. This interface is used to transform the load over the
cantilever surface to the surrounding fluid[49].
2.5.2 FSI simulation solver sequence
The solution for two-way fluid structure interaction requires co-simulation
between computational fluid dynamics and structural mechanics. In order
to transfer loads across a dissimilar mesh interface, the nodes of one mesh
must be mapped to the local coordinates of an element in the other mesh. The
Multi-field Solver (MFS) solution algorithm has to perform two mappings for
every surface to surface and volume to volume interface. Therefore, in the case
of two-way FSI, the mapping is done in an iterative loop. The Fluid nodes are
mapped to the solid elements to transfer displacement; likewise, solid nodes
are mapped to the fluid element to transfer forces. In the case of two-way
FSI, the mapping step involves the modification/morphing of the mesh of both
of the models. The mapping deformations come from force vibration on the
cantilever to the CFD-model and re-evaluating the CFD-model in the deformed
configuration. The mechanics and fluid fields solved sequentially are given
in Figure 2.27 as reference. The time loop corresponds to the time step loop
of the multi-field analysis. Within each time step is stagger loop. The stagger
loop allows for the implicit coupling of the fields in the multi-field solver.
The number of stagger iterations applies to each time step in the coupling
analysis. Within each step in the time step loop, the field solutions are repeated
in the stagger loop until convergence. The number of the iterations executed
within the stagger loop is determined by the convergence of the load transfer
between fields or the maximum number of stagger iterations. For the transient
analysis performed in fluid simulation solver, the stagger iteration contains
many fluid solver coefficient iterations, which loop until the maximum number
of coefficient iterations is reached. The load transfers between fields occur at
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Figure 2.27: The solver sequential for FSI simulation
each stagger loop. Global convergence is checked after the load transfer. If the
global convergence of the load transfer is not achieved, another stagger loop is
performed [49].
By combining the CFD simulation given in the previous section and a structural
mechanics model of the cantilever (introduced in the following chapter), the
FSI simulation is performed. In order to verify whether the novel fluid kinetic
energy harvester structure can be used in the various fluid media, the simulation
is performed both under 0.2 m/s water flow and the 2 m/s airflow as an inlet.
In order to compare with the result of the demonstrator experiment, the bluff
body profile is chosen as cuboid shape, because the air velocity in the test
section is very limited. The previous CFD simulation predicts that in this
velocity range, the cuboid-shaped bluff body performance is still acceptable.
Therefore, in the presented FSI simulation, the cuboid-shaped bluff body is
used to induce the vortices in the wake flow. However, the comb-shaped bluff
body is still recommended for the higher air velocity application, while the
higher inlet velocity will lead to much stronger secondary vortices.
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2.5.3 FSI simulation results analysis
The simulation result from 2 m/s air flow is given in the thesis as an example.
The pressure distribution and the cantilever deformation is plotted in Figure
2.28a. The total pressure over the cantilever surface is presented in Figure
2.29. The absolute value of cantilever displacement is also given in the same
diagram in order to make a comparison. Based on the simulation data, it can
be observed that the cantilever vibration reaches the same frequency with the
surface pressure change at the end of the transient simulation. This indicates
that the cantilever force vibration has reached resonance.
As the simulation indicates, by using the cuboid shaped bluff body, a 2 m/s air
flow can cause a 9 mm x 1 mm x 0.06 mm piezo-cantilever (PVDF) to have a
2.8 mm deformation under 100 Hz frequency resonance (Figure2.28b). The
same structure is also simulated with a 0.2 m/s water flow. The velocity is
chosen by calculation to ensure both simulations have an identical Reynolds
number. The result shows that the cantilever has a 2.4 mm deformation at
56 Hz vibration frequency and 0.2 m/s water flow.
Furthermore, the curve of vortex-induced pressure over the cantilever surface
(shown in Figure 2.29) also demonstrates and verifies the secondary vortex’s
impact on the cantilever. By using the cuboid shaped bluff body, the surface
pressure still has a little protruding or flat curve near the zero crossing area.
This result is consistent with that of the previous fluid CFD simulation (Figure
2.24). As the previous fluid simulation result indicates, the secondary vortex’s
impact can be further depressed by using a comb-shaped bluff body if it is
necessary under the higher inlet velocity.
The other interesting and noteworthy result is the non-homogeneous stress
distribution on the cantilever. It is observed in the cantilever deformation plot,
and confirmed with the cantilever stress plot in Figure 2.30. As the figure
demonstrates, the tail of the cantilever has a large displacement thanks to
the deformation close to the clamped end and the magnification through the
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(a)
(b)
Figure 2.28: Fluid pressure plot with cantilever displacement in FSI simula-
tion (a) and maximum cantilever deformation obtained in FSI
simulation (b)
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Figure 2.29: Vortex induced pressure received on the cantilever (green dot
line) and the absolute value of cantilever deformation (blue line)
length of the cantilever. Therefore, there is no deformation observed in the tail
section. This unique cantilever stress distribution is considered as the major
limitation on the piezoelectric cantilever working efficiency. The details of the
analysis and the improvement method regarding this issue are introduced in
the following chapter.
Figure 2.30: Stress distribution during cantilever deformation from FSI simu-
lation, (a) at the fix-side and (b) at the free-side
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3.1 Vortex-induced cantilever vibration behavior
analysis
3.1.1 Euler–Bernoulli beam model
It is noticed in the FSI simulation (section 2.5) that the surrounding fluid
pressure stimulation cantilever vibration demonstrates a different vibration
behavior. In order to understand variable pressure-excited behavior of the
cantilever, a model of cantilever force vibration caused by variable pressure
is carried out. The cantilever vibration behavior is analyzed based on the
Euler-Bernoulli beam theory [50, 51].
The Euler-Bernoulli beam theory is practical for validating the beam deflection
calculation. This beam theory is applied only for laterally loaded beams
without taking the shear deformation into account. It should be noted that for
applying Euler-Bernoulli beam theory, there are two underlying assumptions:
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Figure 3.1: Schematic of bended cantilever
1. Shear deformations are negligible.
2. Planar cross sections remain planar and normal to the beam axis during
deformation.
Unlike in most vibration energy harvesters, the cantilever vibration in this fluid
energy harvester is driven by the vortex-induced pressure change. Therefore,
the piezoelectric cantilever used in the fluid energy harvester does not contain
the bulk mass. Hence, the position and the geometry of the bulk mass are not
necessarily considered as reported in the [52]. This major difference makes it
more accurate to use Euler–Bernoulli beam theory to describe the behavior of
cantilever deformation and vibration.
The fundamental relationship between the transverse deflection y and load
per unit length F applied to the cantilever (as is shown in Figure 3.1) with a
constant cross section and material properties are provided as Equation 3.1. In
this equation, E represents the elastic modulus, I is the second moment of area,
and x is the position along the beam. For the rectangular cantilever model, the
second moment of area is I = wh3/12, where w is the width of cantilever and
h is the thickness of the cantilever.
F
EI
=
d4y
dx4
(3.1)
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In case of multi-morph cantilevers, the flexural rigidity EI is given by [53, 54]
EI =
n
∑
i
wEihi
[
(zi− zn)2+ h
2
i
12
]
, (3.2)
where zn = ∑ni=1 Eihizi/∑ni=1Eihi is the location of the neutral axis, and zi is the
location of the axis of the ith, layer hi is the thickness of the ith layer.
The integration of Equation 3.1 gives Equation 3.3, where C1 is the integration
constant and V is the shear force applied to the beam
V
EI
=
d3y
dx3
=
F
EI
x+C1. (3.3)
Integrating a second time yields the moment M, shown in Equation 3.4 with
two integration constants
M
EI
=
d2y
dx2
=
F2
2EI
x+C1x+C2. (3.4)
The third integration gives the beam slope θ
θ =
dy
dx
=
F3
6EI
x+
C1x2
2
+C2x+C3. (3.5)
Finally the deflection Y is obtained by a fourth integration:
Y =
F4
24EI
x+
C1x3
6
+
C2x2
2
+C3x+C4. (3.6)
In order to understand the deflection profile of the cantilever, the four integra-
tion constants in Equation 3.6 must be determined, and considered with the
clamping condition (fixed on one side and free at other side) we can assume
the following boundary condition:
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• Boundary condition 1: at the fixed end of the cantilever (where x = 0),
the deflection is zero
x0 = 0, y = 0 (3.7)
• Boundary condition 2: at the fixed end of the cantilever (where x = 0),
the slope of deflection is zero
x0 = 0, θ = 0 (3.8)
• Boundary condition 3: at the free end of the cantilever (where x = xl),
the moment is zero
M =
d2y
dx2l
EI = 0 (3.9)
• Boundary condition 4: at the free end of the cantilever, the shear force
is loading force F pre unit (product of pressure P and width w)
V =
d3y
dx3l
EI = F (3.10)
By substitution of Equation 3.7 through Equation 3.10 into Equation 3.6,
according to the Euler-Bernoulli beam equation theory, the deflection profile
of the cantilever under the static force F can be given by the following equation,
Y =
Fx2
24EI
[x2−4xl+6x2]. (3.11)
3.1.2 Cantilever forced vibration
The Euler–Bernoulli beam theory given in section 3.1.1 is only used to describe
the cantilever response to a static force through the cantilever force and the
moments balance. To analyze the cantilever vibration behaviors (dynamic
behavior), the time-dependent deflection of the cantilever must be determined.
In order to analyze the dynamic behavior of the cantilever, a section of a
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Figure 3.2: Force and moment of force on a slice of cantilever element
vibrating cantilever with infinitesimal length (dx) is shown in Figure 3.2. The
forces and moments acting on this section is marked on this figure. The
analysis is built up regarding this figure in order to determine the required
differential equation of moments for the cantilever.
According to the Newton’s Second Law, the sum of forces in the y direction is
equal to the product of section’s mass and acceleration
Fy = m
d2y
dt2
. (3.12)
The equation can be rewritten using the product of cantilever density ρ , and
cross-sectional area A , and the section length dx
q∂x+V (x)−V (x+dx) = ρAdxd
2y
dt2
, (3.13)
where the V (x) is the position dependent shear force at x, V (x+dx) is shear
force at x+dx, q is the load per unit length.
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By substituting dV =V (x+dx)−V (x) and dividing each term by dx, it can
be given as:
q− dV
dx
= ρA
d2y
dt2
. (3.14)
According to Equation 3.3, the shear force is V = EI d
3y
dx3 .
Calculating the partial derivative with respect to x it can be given as:
dV
dx
= EI
d4y
dx4
. (3.15)
Substituting Equation 3.15 into Equation 3.14, the differential equation of
motion for the transverse vibration of a uniform cross section Euler-Bernoulli
cantilever is
ρA
d2y
dt2
+EI
d4y
dx4
= q. (3.16)
For free vibration, the external transverse load is equal to zero, so for the free
vibration, the equation can be rewritten as:
ρA
d2y
dt2
+EI
d4y
dx4
= 0. (3.17)
Assume the general solution of the cantilever frequency response function
under variable force load is
Y (x, t) = Y (x)sin(ωt), (3.18)
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where Y (x) is a function that describes the position dependent vibration behav-
ior and ω is frequency; therefore, the displacement can be divided into two
parts, one depends on position and the other on time. The partial derivatives
presented in Equation 3.17 can be represented as:
d2y
dt2
= Y (x)(−ω2)sin(ωt), (3.19)
d4y
dx4
=
d4Y
dx4
sin(ωt). (3.20)
Substitution of Equation 3.19 and Equation 3.20 in to Equation 3.17 gives:
(
ρA
(−ω2Y)+EI d4Y
dx4
)
sin(ωt) = 0. (3.21)
Rewritten its yields:
d4Y
dx4
−ω2 ρA
EI
Y = 0. (3.22)
Set λ 4 = ω2 ρAEI , the equation can be written as:
d4Y
dx4
−λ 4Y = 0. (3.23)
Therefore, Equation 3.17 is eliminated in Equation 3.23. The general solution
for Equation 3.23 is given in
Y (x) = Acos(λx)+Bsin(λx)+Ccosh(λx)+Dsinh(λx). (3.24)
The coefficients A, B,C and D can be solved by applying the beam’s boundary
condition. As mentioned before, in this fluid energy harvester design, the
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cantilever transducer can be considered as fixed-free, as shown in the Figure
3.2. Based on the simulation result discussion given in the Chapter 2, the
vortex-induced pressure force can be approximated as a sine function F1 =
Fsin(ωt). Under fixed-free cantilever clamping condition, four boundary
conditions can be given to the cantilever.
At the free end of the cantilever, where x=l, there is no moment supported.
Therefore, it can be written as:
M
EI
=
d2y
dx2
= 0. (3.25)
The shear force at the end of the cantilever is equal to the excitation forceFl .
Therefore, the corresponding boundary condition can be given as:
V
EI
=
d3y
dx3
=
F
EIsin(ωt)
. (3.26)
At the fixed clamping end of the cantilever (x = 0), both the slope and the
deflection are equal to zero because of the kinematic condition
Y = 0,
dy
dx
= 0. (3.27)
By using Equation 3.27 to determine the coefficients in Equation 3.24 at x=0,
it gives
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Y (0) = Acos(0)+Bsin(0)+Ccosh(0)+Dsinh(0) = A+C = 0 (3.28)
and
dY
dx
(0) = λ (−Asin(0)+Bcos(0)+Csinh(0)+Dcosh(0)) = λ (B+D) = 0.
(3.29)
Equations 3.28 and 3.29 give thatA = -C and B = −D. For x = l, applying
boundary conditions regarding Equation 3.25 and 3.26, Equation 3.24 can be
given as:
d2y
dx2
(l) = λ 2(−Acos(λ l)−Bsin(λ l)+Ccosh(λ l)+Dsinh(λ l)) = 0, (3.30)
d3y
dx3
(l) = λ 3(Asin(λ l)−Bcos(λ l)+Csinh(λ l)+Dcosh(λ l)) = −F
EI
sin(ωt).
(3.31)
By using the relationships determined from Equation 3.28 and 3.29 A and B
can be substituted in Equations 3.30 and 3.31. Therefore, the equations turns
into two equations with two unknowns:
Ccos(λ l)+Dsin(λ l)+Ccosh(λ l)+Dsinh(λ l) = 0, (3.32)
−Csin(λ l)+Dcos(λ l)+Csinh(λ l)+Dcosh(λ l)) =− F
λ 3EI
sin(ωt).
(3.33)
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By combining terms in the two equation yields,
C(cos(λ l)+ cosh(λ l))+D(sin(λ l)+ sinh(λ l)) = 0 (3.34)
and
C(−sin(λ l)+sinh(λ l))+D(cos(λ l)+cosh(λ l)) =− F
λ 3EI
sin(ωt). (3.35)
By using Cramer’s rule to determine C and D, Equation 3.34 and Equation
3.35 are arranged into the matrix form as:
[
cos(λ l)+ cosh(λ l) sin(λ l)+ sinh(λ l)
−sin(λ l)+ sinh(λ l) cos(λ l)+ cosh(λ l)
]{
C
D
}
=
{
0
− Fλ 3EI sin(ωt)
}
.
(3.36)
According to Cramer’s rule, with the given matrix
[
a11 a12
a21 a22
]{
x1
x2
}
=
{
b1
b2
}
, (3.37)
x1 and x2 can be determined as is shown in Equations 3.38 and 3.39.
x1 =
∣∣∣∣∣ b1 a12b2 a22
∣∣∣∣∣∣∣∣∣∣ a11 a12a21 a22
∣∣∣∣∣
=
b1a22−b2a12
a11a22−a21a12 (3.38)
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x2 =
∣∣∣∣∣ a11 b1a21 b2
∣∣∣∣∣∣∣∣∣∣ a11 a12a21 a22
∣∣∣∣∣
=
a11b2−a21b1
a11a22−a21a12 . (3.39)
Therefore:
C =
∣∣∣∣∣ 0 sin(λ l)+ sinh(λ l)− Fλ 3EI sin(ωt) cos(λ l)+ cosh(λ l)
∣∣∣∣∣∣∣∣∣∣ cos(λ l)+ cosh(λ l) sin(λ l)+ sinh(λ l)−sin(λ l)+ sinh(λ l) cos(λ l)+ cosh(λ l)
∣∣∣∣∣
=
F(sin(λ l)+ sinh(λ l))
2λ 3EI(1+ cos(λ l)cosh(λ l))
sin(ωt)
(3.40)
and
D =
∣∣∣∣∣ cos(λ l)+ cosh(λ l) 0−sin(λ l)+ sinh(λ l) − Fλ 3EI sin(ωt)
∣∣∣∣∣∣∣∣∣∣ cos(λ l)+ cosh(λ l) sin(λ l)+ sinh(λ l)−sin(λ l)+ sinh(λ l) cos(λ l)+ cosh(λ l)
∣∣∣∣∣
=
F(cos(λ l)+ cosh(λ l))
2λ 3EI(1+ cos(λ l)cosh(λ l))
sin(ωt)
. (3.41)
By substituting A, B, C, D and x = l into the Equation 3.24, the cantilever
deflection Y at x = l under harmonic force F1 can be obtained as:
Y1 =
F(sin(λ l)+ sinh(λ l))
2λ 3EI(1+ cos(λ l)cosh(λ l))
sin(ωt)(−cos(λ l)+ cosh(λ l))
− F(cos(λ l)+ cosh(λ l))
2λ 3EI(1+ cos(λ l)cosh(λ l))
sin(ωt)(−sin(λ l)+ sinh(λ l))
. (3.42)
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Therefore, by expanding and simplifying this equation, the cantilever vibration
deflection Y under harmonic force at the free end can be given as:
Y1 =
sin(λ l)cosh(λ l)− cos(λ l)sinh(λ l)
λ 3EI(1+ cos(λ l)cosh(λ l))
Fsin(ωt), (3.43)
which is the final frequency response function for the free end of cantilever,
where λ 4 = ω2 pAEI gives the frequency dependence.
3.1.3 Cantilever free vibration and Eigenfrequency
calculation
Based on the analytical model given in section 3.1.2, the free vibration through
the fixed-free cantilever is analyzed in Equation 3.17. As has been demon-
strated in Equation 3.43, in order to ensure the maximum vibration energy
conversion efficiency, that the cantilever must be excited to achieve the res-
onance vibration. Therefore, the Eigenfrequency calculation is discussed in
detail in order to maximize efficiency of the vibration energy transfer. The
vibration energy transfer factor will be discussed in the next section.
Based on the Euler-Bernoulli cantilever theory introduced in the previous
section, the cantilever’s force and moment balance during deflection can
be described by Equation 3.24. By applying the boundary condition on this
equation the coefficient A, B, C and D can be obtained as is shown in Equations
3.40 and 3.41. Plugging it into either Equation 3.34 or 3.35 will lead to the
frequency equation for a cantilever beam which is given as:
cosσcoshσ =−1, (3.44)
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Figure 3.3: Plot of y = cos(σ) =−1/cosh(σ) for find the values of σ
Table 3.1: Series values of σi
σ0 σ1 σ2 σ3 σ4 σi|i>4
1.875 4.694 7.855 10.996 14.137 pi2 (2i+1)
where σ is equal to λ l.
Therefore, regarding Figure 3.3, Equation 3.44 has infinity roots, to ensure
that Equation 3.24 has a non-zero solution. The first few roots are listed in the
Table 3.1.
Therefore, based on the definition the cantilever vibration frequency ω can be
written as:
ω =
σ2
l2
√
EI
ρA
. (3.45)
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By replacing the circular frequency ω with frequency f , the equation can be
rewritten as:
f =
ω
2pi
=
σ2
2pil2
√
EI
ρA
. (3.46)
Therefore, with the given geometry and the material properties of the cantilever,
the resonance frequency can be calculated through Equation 3.46. By using the
different non-zero solution in Equation 3.44, the eigenfrequency obtained by
the value of σ0 is the natural frequency ( f0) of the cantilever structure. And the
eigenfrequencies f1, f2, f3 given by σ1, σ2, σ3 represent the second, third and
fourth order resonance vibration frequencies of the cantilever. Furthermore,
by introducing ωn into Equation 3.43, the deflection of the cantilever under
different resonance modes can be calculated.
3.1.4 Resonance vibration and vibration energy
transmission factor
In order to achieve the best conversion efficiency, the vibration energy trans-
mission factor needs be optimized based on the model given in section 3.1.2.
As has been discussed in the section 3.1.2, the model of cantilever vibration
under a forced excitation due to the load F0sinωt can be described through
Equation 3.24. By simplifying this cantilever system to a spring-mass system,
this equation can be rewritten with the deflection y, the mass m, the vibration
damping c and the cantilever stiffness k:
my¨(t)+ cy˙(t)+ ky(t) = F0sinωt. (3.47)
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The standard steady-state solution for the equation can be given in the form of
y = Asinωt+Bcosωt, (3.48)
where A and B can be calculated from
(k−mω2)A− cωB = P0 (3.49)
and
cωA+(k−mω2)B = 0, (3.50)
to
A =
F0(k−mω2)
(k−mω2)2 + c
2ω2, B =− F0cω
(k−mω2)2 + c
2ω2, (3.51)
and
y0
yst
=
((
1− ω
2
ω2n
)2
+
(
2c
c∗
ω
ωn
)2)−1/2
, (3.52)
where the ωn is the natural frequency, and c∗ is equal to 2
√
mk. The y0 is the
deformation under is the load F0sinωt , and yst = F0/k is the static deformation
which the system would undergo under the effect of a stationary load F0.
Therefore, the trend of cantilever vibration deflection is plotted against fre-
quency for various damping ratios in Figure 3.4.
As formula expresses for a given damping factor c, the amplitude y0/yst of
the force vibration as a function of ω/ωn defines the response curve. The
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Figure 3.4: Frequency spectrum of cantilever deflection around the resonance
frequency for various damping ratios
maximum amplitude is obtained when ω/ωn = n . (1− n2)2 +( 2cc∗ n)2 is a
minimum. Hence, the maximum vibration amplitude is achieved when the
system is under resonance where ω = ωn.
Therefore, for a sinusoidal excitation vibration, the vibration energy on the
cantilever is the product of the excitation force on the cantilever and its velocity.
When damping present, due to the piezo electrical effect, the net transfer of
mechanical energy into electrical power is:
Generated power =
mζty2st( ωωn )
3ω3[
1−
(
ω
ωn
)2]2
+
[
2ζt ωωn
]2 ., (3.53)
where ζt is the total damping ratio (equal to c/2mωn). Similar to the Equation
3.52, in Figure 3.5, the trend of net vibration energy is plotted against frequency
for various damping ratios. As the figure illustrates, the maximum energy is
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Figure 3.5: Frequency spectrum of energy around the resonance frequency of
cantilever for various damping ratios
generated at the resonance frequency of the cantilever transducer. Furthermore,
the same figure also indicates that the high damping ratio will reduce the
conversion efficiency under resonance.
As the analysis results indicate, the frequency of vortex-induced pressure
must be matched to the piezoelectric cantilever’s natural frequency in order to
obtain the best vibration energy transmission factor. The damping ratio has a
significant effect on the vibration energy transmission factor. Therefore, extra
damping of the vibration system should to be minimized in order to avoid
energy loss during energy conversion process.
3.1.5 Cantilever transducer FEM model and simulation
In order to verify the previous calculation, a series of cantilever transducer
FEM model simulations are carried out. The modal analysis is performed in
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Figure 3.6: Mesh and boundary conditions of structure simulation
Table 3.2: Material parameters for FEM modeling
Density Young’s modulus Poisson’s Ratio
PVDF 1780 kg/m3 4 GPa 0.35
Film 2300 kg/m3 70 GPa 0.33
order to confirm the value of natural vibration frequency. Those simulation
results are used to compare with the calculation based on theoretical models.
The model of the piezoelectric cantilever is built up as is shown in Figure
3.6. The piezoelectric material is chosen as PVDF, the cantilever has a length
of 9 mm, a width of 1 mm and a thickness of 0.06 mm. Both properties with
values are provided in the Table 3.2, which is suggested by the piezoelectric
film provider. The boundary conditions are given regarding the cantilever
transducer model shown in Figure 3.6. As the figure shows, the cantilever is
clamped from one side, and the other side remaines free to vibrate.
The first three orders of cantilever resonance frequency are given by the modal
analysis. The result is presented in Table 3.3 and compared with the theoretical
models. The corresponding deflection shape of the first three orders is given
in Appendix D. These resonance frequency values are used later to set the
excitation frequency that ensures the cantilever vibrates near its resonance.
Therefore, the cantilever transducer can give the maximum electrical potential.
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Table 3.3: Resonate frequency from model simulation
1st model 2nd model 3ed model
Simulation 128.12 802.38 2097.70
Theoretical 126.82 794.85 2226.00
Furthermore, static analysis is also carried out. The purpose of this analysis
is to find the displacement magnitude and the locations of the maximum
stress on the cantilever during the external static pressure load applied on
the cantilever surface. Figure 3.7 illustrates the cantilever response to be the
84 Pa static pressure load (according to the simulation result in 2.4.1). The
maximum deformation up to 1.8 mm is obtained at the tip of the cantilever.
Compared with the dimension of the cantilever (9 mm x 1 mm x 0.06 mm), it
is considered as a huge deformation. This huge displacement also indicates
a challenge for the FSI simulation while it can result in illness CFD mesh
near the cantilever tip during the FSI simulation. Therefore, the value of the
maximum deformation is noted in order to optimize the FSI simulation mesh.
Figure 3.7: Cantilever deformation under 84 Pa static pressure load
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3.2 Piezoelectric cantilever electromechanical
behavior analysis
The energy harvester consists of a piezoelectric cantilever which converts
mechanical strain into electrical charge. A model of the piezoelectric cantilever
is built in order to analyze the electrical output from the energy harvester.
The piezoelectric material can be used to generate charge from an applied
stress (direct effect) and conversely to generate stress from an applied electrical
field (converse effect) [54, 55]. The coupled electromechanical behavior of
the piezoelectric material can be described by Equations 3.54 and 3.55:
Si = sEi jσ j +dmiEm, (3.54)
Dm = dmiσi+ εσik Ek, (3.55)
where the indexes i, j = 1,2 . . .6 and m,k = 1,2,3 refer to different directions
within the material coordinate system (shown in Figure 3.8) and S is strain
vector, E is the vector of the applied electric field, D vector is the electrical
displacement, σ is the stress vector, s is a matrix of the compliance coefficients,
d is a matrix of the piezoelectric strain constants.
Figure 3.8: The coordinate of the piezoelectric material
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Based on the Hooke law, the stress in the piezoelectric material σp can be
rewritten as Equation 3.56 by using the cantilever vibration deflection response
Y :
σp = Epεp = EpY (x, t)′′(zn− zp), (3.56)
where zn is the height of the neutral axis and zp is the center of the piezoelectric
layer.
Based on the configuration of the cantilever, only the z-component of the
electrical field displacement needs to be considered. Since the external electric
field E of the energy harvester is equal to zero, the piezoelectric converse effect
can be ignored. Therefore, the z-component of the electrical field displacement
vector D3 for a piezoelectric material can be expressed as:
D3 = d31Ep
d2Y (x, t)
dx2
(zn− zp). (3.57)
By further applying Gauss’ law to an enclosed rectangular volume across the
piezoelectric film of thickness hp and Young’s modulus Ep, the total strain-
induced charge Q on the top of the piezoelectric film can be obtained as:
Q =
∫ l
0
D3wdx. (3.58)
As introduced in Figure 3.9, the piezoelectric cantilever’s electrical circuit
can be modeled as a charge source with a shunt capacitor and resistor. The
capacitance is determined by the length of the cantilever l, the width w, and
the dielectric constant of the material εp
Cp = εplw/hp. (3.59)
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Figure 3.9: The equivalent circuit of the piezocantilever
Therefore, the induced output voltage is given in Equation 3.60, where the
A is the maximum amplitude of the pressure load and the ω is the angular
frequency of the pressure load.
V =
Q
Cp
=
hp
εpl
∫ l
0
D3dx
=−d31Ep(zn− zp)hpAλ1C1Bl1
εpY1
sin(ωt)
, (3.60)
where the Bl1 = [sin(λ1l)+ sinh(λ1l)]+ CD [−cos(λ1l)+ cosh(λ1l)].
Regarding the equivalent circuit of the piezocantilever, the majorized R is
1/2ωC. Thus, the power of the electrical output can be given as:
P =
ωA2wlhp
4εp
(
d31Ep(zn− zp)λC1Bl1
Y1
). (3.61)
As Equations 3.60 and 3.61 indicate, the output voltage is proportional to the
vortex-induced pressure A, the piezoelectric strain constants d31, the thickness
of the piezoelectric material hp, and inverse with the dielectric constant εp.
The output power is proportional to the thickness of the piezoelectric material
hp, the angular frequency ω and the second power of the piezoelectric strain
constants d31 and the vortex-induced pressure A but inverse with the dielectric
constant εp.
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3.3 Vortex pressure-induced heterogeneous
stress distribution analysis
Unlike the vibration energy harvester or other cantilever transducers (motion
sensor and accelerometer), the energy harvester introduced in this thesis is
excited by the vortex-induced unstable pressure instead of a direct force or
acceleration applied on the cantilever. This different type of excitation can
result in a diverse cantilever response. A vortex pressure induced heteroge-
neous stress distribution is observed in the FSI simulation. The cantilever
deformation during FSI simulation is given in Figure 2.30. As the figure
indicates, under the vortex-induced pressure excitation, the stress distribution
is not uniform along the cantilever. The stress is mostly focused on the section
close to the clamped side of the cantilever. The tail section of the cantilever has
a large displacement thanks to the slope of the high stress cantilever section
and is magnified by the length of the cantilever. However, there is no deforma-
tion or stress observed in the tail section. Based on the working principle of
piezo-material, this section does not make a contribution to the final energy
harvester electrical output. This observed inhomogeneous stress distribution
is discussed in detail while it has a huge impact on the working efficiency of
energy harvester.
In order to improve the working efficiency of the energy harvester, this inhomo-
geneous stress distribution through cantilever is analyzed. It can be explained
by the different type of excitation method.
First of all, the piezoelectric cantilever transducer used in the fluid energy
harvester is mainly driven by the vortex-induced pressure. Consequently, this
pressure is transformed into the excitation force through multiplying with the
effective surface area of the cantilever. For each subsection, the effective area
is equal to the cantilever surface is parallel to the main flow direction. As
demonstrated in Figure 3.10, the effective area Ae f f is equal to the product of
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the cantilever surface area A and the cosφ , where the φ is equal to the slope of
the cantilever at the position.
Figure 3.10: Cantilever deformation and the area projection
According to the cantilever deformation equation (Equation 3.11), the canti-
lever transducer mode shape under 1st resonance is given in Figure 3.11(a).
The slope of the cantilever over the length is shown in Figure 3.11(b) as the
derivative of the mode shape. Thus, with the given cantilever surface area A,
the effective area Ae f f can be predicted as the A · cosφ . Therefore, the vortex
pressure induced load force through the cantilever is given as shown in Figure
3.11(c).
The pressure applied on the cantilever surface is caused by the vortex in the
bluff body wake. As discussed in Chapter 2, the vortex velocity distribution
in the wake flow is illustrated by Figure 2.6. The simulated vortex-induced
pressure distribution over a line is shown in Figure 3.12, where the first vortex
is shedded. As the figure demonstrates, the vortex-induced pressure along the
main flow direction is not uniform. The simulated cantilever surface pressure
over time is given in Figure 3.13 by FSI simulation. This simulation result
also confirmed that the vortex-induced pressure distribution is inhomogeneous.
Combined with the cantilever model introduced in the section 3.1.2, it is clearly
demonstrated that this inhomogeneous vortex-induced pressure distribution
can cause an inhomogeneous stress as the response.
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Figure 3.11: Cantilever transducer mode shape under 1st resonance (a),
the slope of cantilever (b) and the effective force F = P ·Ae f f (c)
Figure 3.12: Vortex induced pressure distribution through a line (the yellow
line in the figure) during the CFD simulation
Based on the fundamentals of piezoelectricity, this vortex pressure induced het-
erogeneous stress distribution will lead to a limitation on the energy harvester
electrical output. Due to the working principle and the physical limitation of
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Figure 3.13: Simulated pressure applied on the cantilever surface over times
(by FSI simulation)
vortex-induced vibration energy harvester, the inhomogeneous stress distribu-
tion can not be avoided. Hence, through combination with the electromagnetic
energy harvest method, a novel multi-method fluid kinetic energy harvester is
proposed. It has been designed for this kind of heterogeneous stress distribu-
tion. The details of the novel multi-method fluid kinetic energy harvester will
be introduced in Chapter 4.
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4.1 Piezoelectric energy harvester demonstrator
design and assemble
4.1.1 Design concept of the piezoelectric energy harvester
A piezoelectric energy harvester demonstrator is designed under consideration
of theoretical analysis and simulation results. The dimension of the energy
harvester is determined by the air flow velocity range under the applied con-
dition. According to the feedback from industrial partner, the fluid kinetic
energy harvester has a huge prospective market in the field of the long dis-
tance gas/liquid distribution systems. The micro fluid energy harvester can
be used to power the sensor system both in the long distance transportation
pipe-lines or the distribution system terminals. Therefore, the dimension of
the measurement section/tube (where the energy harvester must be installed)
can be both in the range of a dozen centimeters to several centimeters. The
most typical air velocity used in long distance pipeline transportation systems
is from 5 m/s to 50 m/s depending on the actual condition.
Therefore, based on the final potential application condition, the demonstrator
is designed to work under air velocity in the range of 2 m/s to 8 m/s. Limited
by the laboratory conditions, an inlet air velocity higher than 8 m/s can not be
109
4 Harvester demonstrator design and assemble
provided. As Equation 2.6 indicates, this limited inlet air flow velocity result
in a limited fluid kinetic power, which makes the energy harvester design more
challenging.
Consequently, the fluid kinetic energy harvester needs to be designed to be
able to effectively convert those fluid kinetic energy into electrical power. The
geometry parameters of the fluid bluff body and cantilever transducer are
optimized based on both analytical and simulation model.
The general dimension of the VIV energy harvester is considered to be in the
centimeter range. The size has been chosen based on following reasons:
The energy harvester is transforming the enviromental energy into the electrical
power. Hence, the larger surface is, the more potential environmental energy it
will be. Therefore, the dimension of the harvester must be approached to the
maximum regarding the application conditions.
Currently, most sensor system packages are in the range of centimeters. There-
fore, the sensor system package can be considered as being used as the fluid
bluff body in the final application. The cantilever transducer can be made
as robust as possible. Therefore, it can be directly exposed to the working
medium. By using this method, the contradiction between the larger requested
contact surface and the compact dimension of the final system can be solved.
It needs to be noted that, by modifying a few parameters, the demonstrator can
be adapted to higher inlet velocities easily.
4.1.2 Bluff body design
The targeted demonstrator dimensions are in the range of centimeters. The air
flow velocity is given in the range from 2 m/s to 8 m/s. According to Equation
2.8, the width of the bluff body is determined by the Reynolds number Re.
In order to induce a Kármán vortex street in the wake flow, the Reynolds
number needs be in the range from 49 to 2× 105. Consequently, the exact
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Figure 4.1: Reducing formation region regarding to the Re number [56, 57]
Reynolds number must be chosen appropriately, regarding to the flow behavior
condition under the vary Reynolds number. The research result from [56, 57]
demonstrates the Reynolds number (in range from 49 to 2×105) can be further
divided into six regimes based on their differences in flow behavior in the
cylinder wake. In the context of this research, articles [56, 57] points out
that in the “shear layer transition” regime (where the Reynolds number is
between 1000 and 5000), the length of vortex formation region is reduced
compared with the other regime (as shown in Figure 4.1). This phenomenon is
considered as an advantage for the vortex-induced energy harvester, while the
reduced vortex formation region means the cantilever could be placed closer
to the bluff body, making it more compact in size. Furthermore, the reduced
vortex formation region also can result in an intense pressure gradient, which
could also been used to excite the cantilever vibration.
Based on the those reasons, the Reynolds number of the energy harvester
demonstrator is chosen as 1000. With this given Reynolds number, the dimen-
sion of the bluff body can be calculated based on the Equation 2.8. The vortex
shedding frequency in this equation is matched with the natural frequency of
the cantilever transducer in order to deliver the best conversion efficiency. The
cantilever transducer natural frequency calculation is introduced in the previ-
ous chapter, the natural frequency measurement is introduced in Chapter 5. As
result of the calculation, three different sizes of the bluff body are chosen, and
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Table 4.1: The bluff body width and the vortex shedding frequency under 2 m/s
air flow
Airflowvelocity
2 m/s 3 m/s 5 m/s
Sizeof thebluffbody
23.1 (mm) 17.02 Hz 25.53 Hz 42.55 Hz
33.5 (mm) 11.94 Hz 17.91 Hz 29.85 Hz
35.5 (mm) 11.26 Hz 16.90 Hz 28.16 Hz
the width is given in Table 4.1. The relative vortex shedding frequencies under
the various flow velocities are given as the reference for the later experiment.
As the results of bluff body optimization show (section 2.4.1), the cuboid
shaped bluff body has the best vortex-induced pressure in the wake flow, and
the comb shaped profile can further reduce the secondary vortex formation in
the wake without a drastic pressure loss. Combined with the targeted velocities,
the major issue is the relatively low inlet velocity against the stiffness of the
piezoelectric cantilever transducer. As suggested in Chapter 2, for low air flow
velocities, the cuboid shaped bluff body is chosen in the demonstrator design.
Due to the stiffness of the cantilever transducer and low inlet velocity, the
drawback introduced from the secondary vortex is considered as a “not-critical”
issue.
The length of the bluff body is given based on the dimension of the cantilever
transducer clamping tools, which is equal to 35 mm. The thickness of the bluff
body is equal to 1 mm. Similar to the profile chosen, the bluff body thickness
is chosen based on the previous bluff body optimization discussion. In order to
maximize the vortex-induced pressure in the bluff body wake, the fluid friction
drag on the bluff body should be minimized. As introduced in the previous
discussion, the fluid friction drag is applied between the bluff body and fluid
flow along the thickness of the bluff body in comparison to the tall. Therefore,
the thickness of the bluff body should be reduced to the minimum, where in
the demonstrator design 1 mm bluff body thickness is chosen.
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Figure 4.2: Bluff body drawing
Table 4.2: Dimension of the bluff body used in experiment
Length (mm) Width (mm) Thickness (mm)
Small Width (23.1 mm) 35 9.8 x 2 1
Medium Width (33.5 mm) 35 15 x 2 1
Larger Width (35.5 mm) 35 16 x 2 1
The bluff body is divided into two pieces, which are assembled by screw and
nuts. The drawing of the separated bluff body is given in Figure 4.2. Based
on this design, the width of the separated bluff body is reduced a little bit in
order to account for the thickness of the cantilever transducer clamping tool
into the total bluff body width. All the dimensions are given in Table 4.2. The
bluff body material is aluminum. The surface of the aluminum bluff body is
polished in order to further reduce the fluid friction drag.
4.1.3 Piezoelectric cantilever transducer design
4.1.3.1 Piezoelectric material selection
The piezoelectric cantilever transducer in the energy harvester is used to
convert vibration energy into electrical power. Hence, the electric field strength
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E in Equation 3.55 is equal to zero. Therefore, the equation can be rewritten
as:
D3 =
d31
sE11
S1. (4.1)
The electric charge over the cantilever surface depends on the piezoelectric
coefficients, stiffness of cantilever material and the strain in the cantilever.
Therefore, in order to achieve an optimal electrical output from the piezoelec-
tric cantilever transducer, the ratio of the d31
sE11
must be maximized.
Therefore, a series of piezoelectric materials are investigated. The major
discussion is focused on piezo-ceramic and polymer piezoelectric materials.
The common piezo ceramic materials are Barium titanate (BaTi03) and Lead
zirconate titanate (PZT ). In the field of polymer piezoelectric materials,
Polyvinylidene (PVDF) is often applied. The major properties difference
between the polymer piezoelectric material and the piezo ceramic are given in
Table 4.3, where the PVDF and PZT are taken as examples.
Table 4.3: Piezoelectric material properties
Properties Units PVDF PZT
Piezoelectric strain constant 10
−12C
N
d31 = 23
d33 =−33
d31 =−171
d33 = 374
Coupling constant CVNm
k31 = 0.12
k33 = 0.15
k31 = 0.34
k33 = 0.69
Piezolelectic stress constant 10
−3V m
N
g31 = 216
g33 =−330
g31 =−11
g33 = 25
As shown in Table 4.3, PZT is reported to have an excellent piezoelectric strain
constant of -171 pC/N . PVDF has a much lower piezoelectric coefficient (d31
≈ 23 pC/N).
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However, the elastic compliance (inverse of the elastic stiffness) of PVDF is
10 times greater than the compliance of piezo ceramics. As the result, the
piezoelectric polymer material is very sensitive for the low level excitation.
Consequently, the piezoelectric voltage constant in the 31-mode is higher
for polymer piezoelectric materials because of their bending ability, which is
216×10−3 V m/N for PVDF films rather than −11×10−3 V m/N for PZTs. The
piezoelectric voltage constant is defined as the electric field generated in a
material per unit mechanical stress applied to it. Therefore, the piezoelectric
voltage constant g is important for assessing a material’s suitability for sensor
or energy harvester applications. The comparison of the parameter given in
Table 4.3 shows that PVDF has a better piezoelectric performance compared
with the PZT under lower pressure excitation.
The PZT has a higher Young’s modulus, which means the PZT constructed
transducer has a higher natural frequency under the same device dimension.
Therefore, the PZT cantilever requires a higher pressure and frequency ex-
citation than the PVDF cantilever does. Within this range of experimental
flow velocities (2-8 m/s), the increasing vortex shedding frequency can re-
sults in ineluctable limit the vortex strength. Hence, it could result in an
insufficient vortex-induced pressure to bend the PZT cantilever. Therefore,
the demonstrator reported in the articles [20, 12, 58, 8, 25] utilizes PVDF as
piezoelectric material. Thanks to the bluff body optimization presented in this
thesis, the vortex-induced pressure is significantly improved. The increased
vortex-induced pressure results in utilized PZT as the piezoelectric material
becomes possible.
Therefore, both PVDF and PZT are chosen as piezoelectric material to build
up the energy harvester demonstrator. The PVDF constructed demonstrator is
recommended for the lower flow velocity conditions, and the PZT demonstrator
for higher velocity. However, both demonstrators are tested in the similar
velocity range. The performance is compared at the end.
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4.1.3.2 Cantilever transducer dimension selection
The dimension of the cantilever also has a crucial impact on the cantilever
performance. In principle, increasing the length of the piezoelectric cantilever
can result in the natural frequency decreasing. It is caused by the extra mass
which introduced from the additional length of cantilever. However, the
increasing length of the piezo cantilever also results in an increasing area of
the fluid contact face. Under pressure type excitation, this change can result
an increase in the total excitation force, because the excitation forces is the
product of the pressure on the contact face and area. Therefore, appropriately
increasing the length can increase the electrical output from the cantilever
transducer. On the other hand, the increasing cantilever dimension also results
in an increasing PVDF material volume. Regarding Equation 3.61, this can
also result in higher electrical output.
However, in the context of the pattern of the vortex street, over-long cantilever
can result in one or even more inverse charging on the piezoelectric material
by an opposite direction bended arc (show in Figure 4.4). The articles [8, 59]
describe a series of flexible cantilevers behavior in the bluff body wake flow
which have one up to three meter length. The experimental results (shown in
Figure 4.3) from [8] demonstrate the multiple bending (ells-shaped) of flexible
cantilever in the bluff body wake flow.
This kind of multiple bending indicates that the flexible cantilever is deformed
by more than one pair of vortex excitation. Based on the piezoelectrical princi-
ple, the multiple bending Piezo cantilever can result in reversed charging in
the piezo material (as is shown in Figure 4.4) which limits the output voltage
level. In order to increase the fluid contact surface of the cantilever (maximum
the excitation pressure) but simultaneously to avoid multiple bendings, the
length of cantilever is chosen based on vortex radius given by previous CFD
simulations. For the demonstrator design in this thesis, two types of cantilever
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(a) Formation of von Kármán vortex street without mem-
brane (left),the formation of a coherent wake behind
the bluff body with a flexible cantilever (right)
(b) Cantilever oscillation: (left) Re=10 000; (right) Re=20
000.
Figure 4.3: The experimental result observed by J. J. ALLEN AND A. J. SMITS
group [8, 59]
Figure 4.4: Inverse charging on the piezo-material by an opposite direction
bended arc
117
4 Harvester demonstrator design and assemble
length are used in order to provide the comparison for the experimental analy-
sis. Based on the same reason, two different thicknesses for each cantilever
length are prepared.
Figure 4.5: Geometry of PVDF film element[60]
Table 4.4: Dimension and thickness of PVDF cantilever used in this thesis
Description
A B C D Thickness Thickness
Film Electorde Film Electrode Totel PVDF
(mm) (mm) (mm) (mm) (µm) (µm)
DT1-028K 16 12 12 30 40 28
DT1-052K 16 12 12 30 64 52
DT2-028K 16 12 41 62 40 28
DT2-052K 16 12 41 62 64 52
The PVDF cantilever transducer used in the demonstrator is provided by
Measurement Specialties. The PVDF material is deposited on 12 µm thick
rectangular shape Mylar film. Both the bottom and the top layer are cov-
ered with screen printed silver ink electrodes. The cantilever transducer is
unshielded and without attachment. The silver ink electrodes are exposed from
the transducer surface, an extra Mylar film and the electrodes are placed one
side of cantilever for electrical connection. The geometry of the cantilever is
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given in Table 4.4, the drawing of the cantilever (Figure 4.5) is also provided
as reference.
4.1.4 Assembly
To assemble the demonstrator, the PVDF cantilever transducer must be placed
in the bluff body wake flow region. The electrical connection between the
cantilever transducer and the measurement device is also required both for the
measurement and the further electrical energy harvester.
Based on the configuration of the cantilever transducer, a mechanical compres-
sive clamping and connect adapter is designed and fabricated. The clamping
adapter includes two pieces of printed circuit boards, which are patterned with
a connect pad and via pad as is shown in Figure 4.6.
Figure 4.6: CNC fabricated compressive clamping and contact adapter
By placing transducer in between the two contact pads, the cantilever trans-
ducer can be clamping through the mechanical compressive forces by the
screw fixed PCB adapter. Furthermore, it also connects the electrical device
through the contact pad. A gap is reserved at the edge of contact pad in order
to prevent short circuit during the assembling process (as is shown in Figure
4.6). Both PCBs are fabricated by CNC milling, and the edges are carefully
matched in order to avoid introducing pre-stress into the PVDF film.
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Figure 4.7: Assembled piezoelectric energy harvester demonstrator
During the wind tunnel experiment, the adapter is fixed on a cannular tube
with screws and connected to the oscilloscope through a BNC adapter. The
separated bluff bodies are fixed on the clamping adapter by the screw as well.
The rear edge of the bluff body is matched to the adapter’s rear edge (the
beginning part of the transducer). Therefore, the vortex-induced pressure can
be directly applied to the surface of the cantilever and avoids energy loss on
the adapter surface. The figure of the assembled demonstrator is given in
Figure 4.7. As the figure demonstrates, the mechanical compressive clamping
and connected adapter can provide excellent electrical conductivity and high
mechanical clamping strength at a compact size.
4.2 Multi-method energy harvester demonstrator
design and assemble
4.2.1 Design concept
In section 3.3, the vortex pressure induced heterogeneous stress distribution
is predicted by both theoretical and simulation analysis. The FSI simulation
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results given in Figure 2.30 shows the tail part of the cantilever transducer does
not contain any stress. Therefore, according to Equation 3.57, it does not have
any contribution to the final output energy while the PVDF material is only
able to transform the stress to the surface electronic charging. However, unlike
other force load applications, the tail can not be cut, since it can provide a
large area to transform the pressure into the excitation force. Directly reducing
the length of the cantilever can result in decreased electronic output, while
the total excitation force is reduced. The physical limitation for this kindy of
pressure induced vibration is hardly to overcome, especially for the energy
harvester structure proposed in this thesis.
However, it is noted in FSI simulation result analysis that the cantilever tail
does not contain stress, but it holds a large displacement during the vortex-
induced pressure excited vibration. This non-stress, high-displacement feature
makes the tail part of the cantilever perfect for the electromagnetic energy har-
vesting method. Therefore, a novel multi-method VIV fluid energy harvester
design is proposed in this thesis. This new harvester structure contains two
different conversion methods (piezoelectric and electromagnetic) to convert
the vortex-induced vibration into electrical power. Both of these two conver-
sion methods are designed to share the same the cantilever vibration structure
and excitation without increasing the complexity.
Based on the basic electromagnetic energy harvesting method, the electrical
potential difference (voltage) is produced when conductor is exposed to a
varying magnetic field. The electrical voltage (induced electromotive force) in
any closed circuit is equal to the rate of change of the magnetic flux through
the circuit (as shown in Equation 4.2).
E =−N dΦ
dt
. (4.2)
where E is the electromotive force (EMF), Φ is the magnetic flux and N is
the numbers of turn of the coil. The magnetic flux Φ is the product of the
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magnetic field B and the area surface S. Therefore, in order to obtain the
electrical voltage from the coil, the magnetic flux should vary over time during
the cantilever vibration. Combined with the structure of the piezoelectric
cantilever transducer, the magnet must be fixed around the cantilever to provide
a constant magnetic field. The coil is moving relative to the magnet following
the cantilever vibration. Hence, the extra weight introduced by the magnet
is avoided in the cantilever structure. The magnitude of the magnetic field
can be presumed as a constant in the context of the relatively small volume
and the value of strength of a magnet (magnetic moment). The magnetic field
can be applied in a parallel or vertical direction. Consequently, the analytical
description of both conditions is given in Equation 4.3 and Equation 4.4,
Eparallel applied magnetic f ield =−N ·B ·S · d sinθdt (4.3)
Evertical applied magnetic f ield =−N ·B ·S · d cosθdt . (4.4)
θ is the slope of the cantilever. During cantilever vibration, θ is a function of
time θ = f (t).
The slope of the cantilever is varied in the range from 0o to 90oduring cantilever
vibration. Hence, the value of d sinθdt is higher than the value of
d cosθ
dt .
As a result of this analysis, the parallel applied magnetic field is chosen for
the multi-method energy harvester. The schematic of the multi-method fluid
energy harvester design concept is given in Figure 4.8.
4.2.2 Magnet structure design
The magnetic field must be applied in parallel with the neutral plane of the coil
in order to obtain a maximum efficiency. The structure must be adapted to the
fluid energy harvester design; therefore, a dual ring shape magnet configuration
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Figure 4.8: Schematic of multi-method energy harvester
is proposed. The dual ring shape magnets induced magnetic flux distribution
is given in Figure 4.9b. Unlike common bulk magnets, the ring shape magnet
can produce a magnetic field in the parallel direction, and it can prevent the
fluid stream blocked by the magnet.
The dual ring shape magnet configuration contains two Neodymium (NdFeB)
ring magnets. It has been coated with nickel (NiCuNi) (Figure 4.9a). The
magnetization grade of those magnet is N45. Those two magnets are located
on the exterior wall of the fluid tunnel. The fluid tunnel is made by soft
ferromagnetic material, thus, the magnetic field in the tunnel is parallel (as
shown in the Figure 4.9b with the red square). Therefore, the magnet structure
has no impact on the energy harvester fluid behavior.
4.2.3 Electromagnetic coil design
According to the design concept of the multi-method energy harvester, the
coil needs to be able to vary the effective area referring to the cantilever slope
during vibration. In order to avoid the additional complexity, it also needs to
be integrated with the piezoelectric cantilever. Thus, a flexible coil has been
designed. It has the width of piezoelectric cantilever, therefore it can be stuck
on the piezoelectric cantilever.
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(a)
(b)
Figure 4.9: The neodymium ring magnet (a) and simulated magnetic flux dis-
tribute under dual ring magnets configuration (b)
The first single layer flexible coil is fabricated using flexible PCB. Both the
schematic and the flexible coil are presented in Figure 4.10.
As Figure 4.10 shows, 25 µm thick copper is used as conductive material.
The trace to trace distance and the line width is 0.1 mm. The coil is placed
at the tail part of the cantilever. The dimension of the coil is given based
on previous FSI simulation results. The extra area of the coil is avoided in
order to prevent introducing extra resistance. The connect electrode pad is
designed similar to the piezoelectrical cantilever. Therefore, the mechanical
compressive clamping and connect adapter designed for the piezoelectrical
cantilever can be used for the electromagnetic transducer. The resistance of
the coil including the contactor is 24 Ohm.
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(a)
(b)
Figure 4.10: The PCB drawing for the 1 layer coil (a) and the fabricated 1
layer flexible coil (b)
A 10 layer electromagnetic coil has been fabricated by using the standard 20
layer PCB process. It is glued onto the flexible substrate and connected with
the measurement device through copper wires (Figure 4.11b). The resistance
of the 10 layer PCB coil including contactor is 324 Ohm.
(a) (b)
Figure 4.11: The 10 layer coil made by 20 layer PCB, (a) the coil and (b)
assembled EM energy harvester
125
4 Harvester demonstrator design and assemble
4.2.4 Assembly
The electromagnetic coil is stuck with the piezoelectric cantilever as is shown
in Figure 4.12 by glue. Therefore, piezoelectric transducer and electromagnetic
coil can share the same the cantilever vibration structure and excitation during
the energy harvester working.
Figure 4.12: Cantilever transducer used for multi-method VIV fluid energy
harvester demonstrator
4.3 Power management circuit design
The output of the harvester is an alternating current, which has a high inter-
nal impedance, low output voltage (in the range of few hundred mV ) and a
limited power density. Those properties lead directly utilizing the electrical
output of the energy harvester practically impossible. Thus, an efficient power
management circuit is needed.
In order to design the power management circuit, a circuit model of the
piezoelectric cantilever is needed. The equivalent circuit of the piezoelectric
harvester can be simply described as a mechanical spring mass system coupled
to an electrical domain as shown in Figure 4.13 [61, 62, 63, 64].
LM represents the mechanical mass, CM the mechanical stiffness and RM takes
into account the mechanical losses. The mechanical domain is coupled with
the electrical domain through a transformer that converts strain into current.
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Figure 4.13: The equivalent circuit of the piezo energy harvester[61, 62]
On the electrical side, CP represents the plate capacitance of the piezo-material.
When the system is working at or close to resonance, the whole circuit can be
transformed to the electrical domain, where the piezoelectric cantilever can be
modeled as a sinusoidal current source in parallel with a capacitance CP and
resistance RP, which finally gives an alternating output.
Aiming at an appropriate adapting the electric output of the energy harvester
to power the loading device, the energy management circuit contains a low
voltage rectification, a voltage multiplication circuit and an energy storage unit
as the shown in Figure 4.14.
Figure 4.14: Schematic of the energy scavenging system
Full-bridge rectifiers [65, 66] can be used as rectifier circuits to convert AC
output of a piezoelectric harvester into a DC voltage. The typical implemen-
tation of those rectifiers is given in Figure 4.15a. The performances of both
rectifiers are analyzed and compared. The rectifier analysis is aimed to adapt
the characteristic piezoelectric cantilever transducer.
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(a)
(b)
Figure 4.15: Schematic of the full bridge rectifier (a) and schematic of the
voltage doubler (b)
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The capacitor Crect at the output of the rectifier is assumed to be large compared
with Cp, hence it holds the voltage at the output of the rectifier (Vrect ) essentially
constant on a cycle to cycle basis.
According to the work described by the [62], the output power from full bridge
rectifier (Figure 4.15a) in the presence of non-ideal diode can be given by
PRECT,FB = 4CPVRECT fP(VP−VRECT −2VD), (4.5)
where VD is the forward voltage drop over the diode and VP is the open circuit
voltage amplitude at the output of the energy harvester which can be rewritten
as VP = Ip/wPCP.
The output power obtained by the voltage doubler (Figure 4.15b) is given by
PRECT,V D =CPVRECT fP(2VP−VRECT −2VD). (4.6)
According to those equations, the power obtained from the full bridge rectifier
and the voltage doubler with and without ideal diodes (as Vrect) is given in
Figure 4.16.
As is demonstrated by the above figure, in the presence of ideal diodes (VD = 0),
the maximum power obtained by using voltage doubler is the same as obtained
using a full bridge rectifier. The voltage doubler, however, helps to increase
the output voltage where the results in the maximum output power above 2
times. With non-idealities diodes, the voltage doubler can deliver an improved
overall output power. Therefore, the voltage doubler is the more appropriate
rectifier circuit for energy harvester proposal in this thesis.
Furthermore the voltage doubler is not only used to rectify but also increase
the generated voltage from the energy harvester at the same time. As Figure
4.17 shows for the negative peak, the top left capacitor is charged to the voltage
equal to the input voltage amplitude; for the positive peak the voltage on this
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Figure 4.16: Comparison of power obtained by using full bridge rectifier and
voltage doubler with and without ideal diodes[62]
capacitor adds to the input voltage and the bottom left capacitor is charged
to two times the input amplitude. This procedure is repeated for the entire
cascade, so the voltage output from energy harvester is rectified and enhanced.
Charging of all capacitors to their maximal voltage may therefore, take many
periods of the input from energy harvester.
Based on the analysis conclusion, a Spice model is built up in order to test the
AC/DC and the DC/DC function of the energy management circuit. The energy
harvester is modeled as a current source in parallel with a capacitance CP and
resistance RP. The value of the internal capacitance CP is directly measured
with a multi-meter. The piezoelectric cantilever is measured two times with
identical excitation, once measured with the open circuit condition, once by
well-known pure resistance load. Therefore, the value of the internal resistance
RP and the amplitude of the current source are given by solving a two-variable
linear equation. Where under the baseline simulation, the internal capacitance
CP is equal to 2.6 nF , the amplitude of the current source is calculated as
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Figure 4.17: Schematic of the two multiplication voltage doublers
1500 nA, where the internal resistance RP is 200 k Ohm. In the context of the
amplitude of output from energy harvester, the voltage multiplier structure
of AC/DC and DC/DC is implemented with four multiplication levels. The
schematic of the Spice model is given in figure 4.18a.
The capacitor used in the simulation is equal to 40 pF . The value is given
based on the maximum value of a single capacitor fabricated [67] on silicon on
the 1 mm2 surface. Therefore, it can be deemed that the energy management
circuit can be realized by ASIC circuit in future.
The frequency of current source is set in the context of the resonant frequency
of the piezoelectric cantilever. As the transient simulation obtained, with the
four multiplication levels voltage doubler, the demonstrator is able to charge a
40 pF capacitor to 1.2-1.3V in 5 seconds.
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(a)
(b)
Figure 4.18: Spice simulation of four multiplication voltage doublers combined
with the energy harvester demonstrator (33.5 mm bluff body &
DT1-028K). Schematic of the circuit (a), output at the loader side
(b)
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5.1 Demonstrator test bench preparation
5.1.1 Wind tunnel
The fluid kinetic energy harvester test bench is prepared in order to provide a
repeatable experimental environment to perform the experiments with various
energy harvester configurations. Wind tunnels are used to test aircraft models
in aerodynamics research. It is used to carefully control the flow conditions
which affect forces on the test subject. In this thesis, the wind tunnel is needed
for testing of the fluid energy harvester in order to provide repeatable a stability
airflow. A stable air flow is not only requested by comparison of experimental
results though the various bluff body configuring, but also has benefits for air
flow visualization.
In the context of the test air flow’s speed range and the specific purpose of
the energy harvester, the open return wind tunnel has been chosen in this
thesis. The open return wind tunnel also known as Eiffel tunnel is shown in
Figure 5.1. It contains an bell mouth, a diffuser, and a closed test section
[69]. Compared with full recycling wind tunnels [68], the open return wind
tunnel has several disadvantages (including poor flow quality possible in
the test section; operating costs during long-term operation; noisy operation).
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Figure 5.1: Schematic of an open return wind tunnel [68]
However, some disadvantages can be overcome by controlling the environment
where the wind tunnel is located. It has great advantages in flow visualization
while there is no accumulation of exhaust products. And also the open return
wind tunnel can provide a sufficient performance for the air flow energy
harvester testing at low budget. Furthermore, the open return wind tunnel is
also relatively easy to construct and maintain.
The wind tunnel is built up following the instructions from the NASA Glenn
Research Center [68]. The diameter of the test section is chosen as 250 mm
(about 10 inches). This dimension is chosen based on future applications.
As mentioned in the first chapter, the requirement of energy harvester as an
alternative energy source for pipeline gas/oil distribution system is arising
following the development of wireless sensor network research. And a 10 inch
pipe is the most widely used diameter of a pipeline system. In some special
cases, like the terminal station, the pipe may be smaller than 10 inches but not
bigger than this dimension. As a result, 10 inch diameter test section is fitted
well for the air flow energy harvester test. Furthermore, for the wind tunnel
driving fan selection, the 10 inch diameter fan also has a wide selection range
thanks to common ventilation systems. The first wind tunnel design is given in
Figure 5.2. As the instructions indicated, this design contains only a bellmouth,
driving fan, a diffuser, and a closed test section. The cross-section of the entire
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Figure 5.2: Schematic of the test wind tunnel
(a) Cubic-shaped (b) Bellmouth-shaped
Figure 5.3: Bellmouth working effect
wind tunnel is a circle in order to avoid unsure air flow condition (turbulence)
in the corner of another shape (the square or oblong) and the relative impact.
The bellmouth is designed as a horn-shaped one with a contractor to join it
with the fan or the test section in the following. It is designed in order to
provide a smooth transition for the air from the atmosphere into the test section
without extra turbulence.
The build-up material for the closed test section is chosen as transparent
acrylic in order to observe and record the cantilever behavior with a high-
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speed camera during operation. The image capture by the high-speed camera
is used to analyze the cantilever behaviors under vortex-induced pressure.
The comparison with the simulation result is given in the following section.
A flipper is cut off from the top of the transparent tube. It will be used as
a sample window. Few through holes are made on this flipper in order to
insert the sample holder and also make the electrical contact between the test
energy harvester and measurement devices. In the context of the stiffness
and the brittleness of acrylic, the cutting job is processed by water cutting.
Furthermore, 2 pieces of aluminum slices are screw-fixed at the edge of flipper
as simple window stopper.
The driving fan selected (Appendix F) has the same diameter as the test section.
The air flow volume through the fan is calculated, which is directly related
to the final maximum air speed in the test section. An speed regulator is
attached in order to generate varying wind speeds. As the calculation result
demonstrates, using this selected axial fan, air speed in the test section can
reach 8 m/s. In the first wind tunnel design, the fan is located in front of the
test section because of the contact interface.
Figure 5.4: First tested wind tunnel
The front mounted test wind tunnel is built as is shown in Figure 5.4. The
performance is tested using a hot-wire air speed meter (Appendix F). The
air flow speed distribution on the cross of the test section is given in Figure
5.5a. As the figure indicates, the air flow velocity distribution in the test
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(a) (b)
Figure 5.5: Air flow speed distribution on the cross area for the tunnel without
flow conditioner (a), Axial fan induced heterogeneous distribution
air flow velocity over the blade of propeller (b)
section is not constant. The air flow velocity near the sidewall (7 m/s) is
higher than in the center (2 m/s). This cross-section velocity distribution is
different compared with the velocity distribution observed in a long distance
gas distribution system, where the air flow velocity in the center is higher than
near the sidewall.
This difference is induced by the propeller design of the axial fan [22]. As
Figure 5.5b shows, through the same angular velocity, along the fan blade, the
linear velocity is different based on the radius. Hence, with the same blade
angle, the efficiency is different along the length of the fan blade. Furthermore,
axial fan contains an axial, which is not effective to the air flow. Taking
the viscosity of the air into account, the cross-section velocity distribution
in Figure 5.5a can be explained. To smooth the air flow and reduce the flow
disturbances in the test section, a flow conditioner is used. By placing a flow
conditioner in front of the test section, the swirl and turbulence in the test
section will also be minimized.
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Figure 5.6: Flow conditioner designed based on the guide from Measurement
Canada[71]
For the design of flow conditioner, there are two different options which can
serve as references. The first option of flow conditioner configuration is based
on Measurement Canada (An Agency of Industry Canada) [70, 71]. The
design drawing is given in Figure 5.6. The size of the filter hole depends
on the diameter of the test section. By using the different sizes of the filter
holes on the plate (the central hole - 0.186 x dimension, the centre ring of 8
holes – 0.163 x diameter, the outer ring of 16 holes – 0.12 x diameter), the air
speed distribution will be equalized while the air flow has different velocity
attenuate depending on different sizes of filter holes. The thickness of the flow
conditioner is also related to the diameter of the test section. It is given as 0.242
x diameter. The second alternative option is based on the NASA wind tunnel
instructor. The method has a similar working principle, but a honeycomb
structure is used (also called flow straightener) (Figure 5.7a). Compared with
the flow conditioner plate, the honeycomb structure will result in a serious
pressure loss, but it also functions well for the air flow disturbances, especially
in reducing the area right after it. Based on those reasons, it is widely used
in many commercial open return wind tunnels [72]. Therefore, in the context
of the performance request from the flow energy harvester test bench, the
honey-comb flow straightener is selected.
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(a) Pitsco AirTech wind tunnel used in NASA [68,
72]
(b) View from the rear part of wind tunnel
Figure 5.7: Honeycomb filter on the commercial open return wind tunnel (a)
and the honeycomb flow conditioner used in this thesis (b)
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As Figure 5.7a shows, the honeycomb is a series of tubes laid lengthwise in the
air stream. By placing the honeycomb flow straightener, the air is only allowed
to enter the test section from the direction which is parallel with the airflow
in the tunnel. Thus, the cross-flow velocities will not cause swirling winds in
the test section. Furthermore, as the air passes through the honeycomb filter,
the resulting drop in pressure across the honeycomb filter creates constant
air speed in the test section. Consequently, it can result in an unified air flow
velocity in the wind tunnel by eliminating fast and slow air velocity flow.
The honeycomb structure flow straightener used in this thesis is built up by
a series of plastic straws. Those 0.5 mm diameter straws are cut into 7 mm
pieces and placed at the front part of the test section. It has been aligned
parallel to the air flow direction and held in place by the self compression.
The effect of the honeycomb flow straightener is verified with a hot wire air
speed meter, the air flow velocity distribution in the test section is redistributed
(Figure 5.8a). The maximum air flow velocity near the wall is reduced from
7 m/s to 3 m/s. The air velocity in the center is measured as 1.8 m/s. The
relative velocity difference on the cross-section is reduced to 1.2 m/s. The rear
view of the honeycomb flow condition is given in Figure 5.7b.
A further improvement is moving the driving fan from the front of wind tunnel
to the tail part of wind tunnel, so the fan will actually suck the air flow into
the wind tunnel instead of blowing the air into the wind tunnel. In this case
the impact of the propeller constructed can be minimized. An extra part of
additional tunnel is also added in front of the test section in order to pre-smooth
the air flow and reduce the swirl and turbulence before it reaches the flow
conditioner (Figure 5.2).
The bellmouth and the stopper of test section window are made of metal. The
honeycomb flow conditioner has been used to straight air flows and equate
the air velocity distribution in the test section. The fan is mounted at the rear
part of wind tunnel. The speed control is directly installed on the housing of
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(a) (b)
Figure 5.8: Air speed distribution in the test section with honeycomb filter
applied (a), and with rear place fan (b)
fan. The optimized wind tunnel used in the fluid energy harvester test bench is
given in Figure 5.9b.
The air flow velocity distribution in the test section is measured as Figure 5.8b.
The maximum relative velocity difference is reduced to 0.5 m/s. Combined
with the fan speed regulator, the optimized wind tunnel can provide a reliable
air flow for the fluid kinetic energy harvester experiment in the range from
2.5 m/s to 8 m/s.
5.1.2 Electrical and optical measurement setup
The deformation of piezoelectric cantilever must be measured and compared
with the simulation results. Generally, in the MEMS research field, the res-
onator structure’s deformation un-touch measurement is done by laser doppler
vibrometer. But in this case, the whole device is located in the wind tunnel
and optical measurement devices can only access the cantilever through the
arc-shaped acrylic side wall. Those limitations make it difficult to use laser
141
5 Demonstrator testing and experimental results analysis
(a)
(b)
Figure 5.9: Schematic (a) and assembled (b) final wind tunnel used in the
energy harvester test
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Figure 5.10: Wind tunnel measurement setup (first wind tunnel vision)
doppler vibrometer to measure the piezoelectric cantilever vibration. As an
alternative measurement method, a high-speed camera is chosen in this thesis.
The image of the cantilever vibration was obtained by a high-speed camera
with 105 mm prime lens at f 5.6/8. The image resolution is set as 1280 x 1024
and captured with 500 ISO sensitivity. The frame rate is 500 fps with 2000 µs
shuttle speed. To use a high shuttle speed, an additional light source is used to
illuminate the target area. A MCU is used to control the high-speed camera
and to provide living review of the captured video clip. In order to synchronize
the data recording both from high-speed camera and oscilloscope, the trigger
output of high-speed camera is connected to the secondary channel of the
oscilloscope. The secondary channel of the oscilloscope is set up to detect the
trigger pulse. The trigger level is given to 80% of the pulse from the high-speed
camera trigger output port. The primary channel of the oscilloscope is used to
record the electrical output from the energy harvester. The measurement setup
is shown in Figure 5.10 (Appendix F).
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The images captured by the high-speed camera are processed. The position
of the cantilever tail is marked on the image frame by frame. By additional
reference object (an object which has a well-known geometry) the cantilever
displacement at the tail can be calculated. The length of piezoelectric can-
tilever is chosen as reference object. The cantilever displacement over time
is recorded. It has been compared with simulation results and the electrical
output signals in the later section.
5.2 Natural frequency measurement
The natural frequency of the various cantilever transducers must be measured
in advance in order to characterize the VIV energy harvester demonstrator.
The values of those natural frequencies are used to match the vortex shedding
frequency during the experiment. The experimental measured piezoelectric
cantilever natural frequency is compared with theoretical calculation results.
The natural frequency calculation file based on the theoretical model is given
in Appendix E.1. DT1-028k cantilever transducer is used as an example in
this section to explain the measurement procedures.
As the theoretical calculation results presented in Table 5.1, the natural fre-
quency of the cantilever transducer is relatively low (lower than 20 Hz). Due to
this low natural frequency, using the LCR meter measure the cantilever trans-
ducer natural frequency becomes impossible (while the bottom measurement
frequency limitation of LCR meter is 20 Hz).
Therefore, the natural frequency of the cantilever transducers is measured
through a free vibration measurement. The cantilever transducer is disturbed
from equilibrium by a light tap from a strike, it generating a under damping free
vibration on the cantilever transducer. The electric voltage output is recorded
with an oscilloscope. The electrical signal of the cantilever dynamical response
over time is provided in Figure 5.11.
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Table 5.1: Theoretical and experimental measured piezo-cantilever natural
frequency
DT1-028K DT1-052K DT2-028K DT2-052K
Theoretical 12.221 Hz 17.056 Hz 2.861 Hz 4.847 Hznatural frequency
Experiment 7-10 Hz 12-23 Hz 3 Hz 5 Hznatural frequency
Figure 5.11: Dynamic response from the piezo-cantilever under pulse excita-
tion
As the figure demonstrates, the impact introduced by the strike is applied at
0.35 s. The cantilever is then turned to the free vibration. As discussed in
Chapter 3, during the free vibration, the vibration frequency is equal to the
natural frequency. Therefore, the natural frequencies of the four different types
of cantilever transducers are measured (Table 5.11). The theoretical calculated
natural frequencies are given in this table as well for comparison.
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5.3 Measurement and data analysis method
5.3.1 Experimental procedure
In order to verify and to compare the simulation results with experimental
data, various demonstrators have been assembled. Combinations through
different cantilever transducers and bluff bodies are measured on the test
bench in order to investigate the impact of the energy harvester structure
configuration. The tested demonstrator combinations have been named with
the cantilever dimensions and bluff body width. The detailed information
of those demonstrators are given in Table 5.2. The demonstrator (named as
DT1-028k-33.5) combines DT1-028K (12 mm x 30 mm x 40 µm) piezoelectric
cantilever transducer and the 33.5 mm width bluff body are measured under
2 m/s air flow in advance. The measurement results of this demonstrator are
used as the example to explain the experimental procedure and relative data
analysis method.
During the measurement, the vibration profile is recorded by a high-speed
camera. Simultaneously, the electrical output is recorded by an oscilloscope
(the test bench setup is given in Figure 5.10). Figure 5.12 shows the recorded
voltage output signal over time. As shown, the vortex-induced cantilever
vibration is characterized by variable voltage over time, which is caused by
variable strength turbulent vortices shed off the bluff body with a Reynolds
number of around 4,000. The data are recorded through the x10 voltage probe
(10 MΩ) on the oscilloscope and synchronized with optical measurement.
Both the optical and the electrical signal are analyzed in order to understand
the behavior of the energy harvester under the air flow excitation.
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5.3.2 Electrical output analysis
As Figure 5.12 shows, the oscilloscope measured electrical signal is the output
voltage of the energy harvester over time.
Figure 5.12: Voltage output from the DT1-028k-33.5 demonstrator with a
100 kΩ load resistor.
The frequency response of the cantilever vibration is analyzed with the help
of the voltage spectrum in advance. Based on Figure 5.12, the corresponding
voltage spectrum is given in Figure 5.13 by applying the Fast Fourier Trans-
form (FFT). As this spectrum demonstrated, the dominant cantilever vibration
frequency is 11 Hz. Few frequencies which have a significantly smaller ampli-
tude are also observed on the spectrum. Based on the frequency value, those
peaks can be seen as the twice and third times of the Strouhal frequency.
The other major value from the voltage output data is the value of the amplitude,
while it is directly related to the final power output. In the context of the volume
of the recorded voltage output waveform file, direct analysis the amplitude
is not objective and effectively impossible. As is shown in Figure 5.12, the
voltage output signal is characterized by variable amplitudes over a relatively
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Figure 5.13: Frequency spectrum of DT1-028k-33.5 demonstrator
long period of time. The local maximum value of the amplitude is usually
not the most frequently represented amplitude in the time period. Therefore,
those values may be out of the average, and cannot be used to evaluate the
energy harvester performance. In order to find the average amplitudes during
the energy harvester’s working period, a probability density function (PDF)
has been introduced in the data analysis.
The voltage output signal has been transferred as a matrix. The matrix is first
applied with a derivation in order to identify the potential extremum of the
waveform (stationary points). The matrix’s second derivative can be used to
determine the maximum and the minimum amplitudes. With following, the
extremal values of amplitude are sorted into equal space bins which the size of
the bins given in the context of the range of amplitudes. A histogram graph is
plotted based on the data. The x-axial is the amplitude of the electrical output
value, and the height of each bar indicates the frequency of occurrence for
each amplitude value over the measurement time period. The details of this
calculation is given in Appendix E.2.
As a result, both the maximum and minimum value’s probability density
function bar-graph is given in Figure 5.14. This figure indicates the average
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Figure 5.14: Probability density function of DT1-028k-33.5 demonstrator
maximum positive and negative amplitudes in the baseline simulation are equal
to 0.07 V and -0.1 V respectively, which means in the baseline simulation, the
average peak to peak voltage output is 0.17 V.
Furthermore, as articles [73] and [13] have claimed, the vortex-induced vibra-
tion on the wake flow can be simply represented as:
V (t) = A(t)Cos[2pi fct+ϕ(t)], (5.1)
where the envelope amplitude A (t) and the phase angle ϕ(t) are a slowly
varying function of time relative to the oscillations at the center frequency
fc. The articles [13, 74] show that the probability density function of A(t),
the PDF(A), governing the envelope A(t) is the Rayleigh probability density
function given as:
PDF(A) =
A
σ2v
e
(− A2
σ2v
)
, (5.2)
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Figure 5.15: Output voltage probability density function fitting with Rayleigh
distribution
where σ2v is the variance of vibration signal. Thus, PDF(A) is independent of
the frequency fc. Theoretically, the behaviors of the voltage output should be
very similar to the Rayleigh distribution, while the electric output is a result
of vortex-induced cantilever vibration. A curve fitting is carried out in order
to verify this theory. The curve fitting result is given in Figure 5.15. As is
shown by this figure, the experimental data tally well with this theoretical
distribution. The result suggested that the distribution of the tip deflections
follows the Rayleigh probability density function.
The power generated can be estimated from the instantaneous electrical
power by P = V 2/R and the average electrical power is defined as the P =
1
t1−t0
∫ t1
t0 Pdt. Therefore, for the baseline experiment, the average power is
0.45 µW .
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5.3.3 High-speed camera image analysis
The cantilever deformation in wake flow region is recorded by a high-speed
camera. A group of captured cantilever vibration images through one deflection
cycle is presented in Figure 5.16 as example.
As Figure 5.16 shows, following the vortices formating, the clockwise vortex is
shedding and approaching to the top surface of the cantilever, the low pressure
core of the vortex starts pulling the cantilever upward deflected from the fix
end of the cantilever. The vortex-induced low pressure core travels with the
mainstream through the entire cantilever and reaches the tail of the cantilever.
The upward deflection of the cantilever reaches the maximum. When the
low pressure region of the clockwise vortex core is travelling away above the
cantilever, an anticlockwise vortex begins to form on the lower side of the body.
With the anticlockwise vortex further developing and shedding of the bluff
body, a low pressure region induced by the anticlockwise vortex approaches the
bottom of the cantilever. The pressure received from the surface then causes the
cantilever to bend back to its natural position. After the anti-clockwise vortex-
induced low pressure core contact and drift through the cantilever bottom
surface, the cantilever is beginning to deflect in the downward direction.
Again, following the vortex pass away from the cantilever, the cantilever
surface pressure is back to the natural level. The cantilever deflect is reduced
to zero and prepared for the next clockwise vortex. Within the sequential
generation of alternating clockwise and anticlockwise vortices, the cantilever
vibrates with the vortex shedding frequency.
The tail location of the deformed cantilever transducer can be manually marked
on each frame. As is shown in Figure 5.17a, by giving the length of the un-
deformed cantilever as the reference (in the first frame), the deflection of the
cantilever tail can be calculated. Figure 5.17b demonstrates the calculated
displacement of the cantilever tail through one deformation cycle regarding
Figure 5.16.
152
5.3 Measurement and data analysis method
(a) Natural level (b) Maximum upward de-
flected
(c) Natural level (d) Maximum downward de-
flected
(e) Natural level
Figure 5.16: Images for one vibration cycle captured by a high-speed camera
(DT1-028k-33.5)
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(a) (b)
Figure 5.17: Cantilever (DT1-028k-33.5) tail deflection (a) and the displace-
ment of cantilever tail over time extracted from high-speed cam-
era data (b)
Furthermore, the high-speed camera is synchronized with the oscilloscope.
Therefore, the data can be used to be compared with the electrical output in
order to explain some issues during the noises analysis and the secondary
vortex analysis.
5.4 Various demonstrator configurations
measurement and performance comparison
5.4.1 Various bluff bodies
The theoretical calculation and simulation indicate by changing the width
of the bluff body, the vortex shedding frequency will be change regarding
to Equation 2.15. The vortex-induced pressure applied on the piezoelectric
cantilever also has a slight changed, while the bluff body dimension change
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has an influence on the vortices pattern in the wake flow. The varied width of
vortex street will result in a varied pressure on the cantilever (Figure 2.10).
In order to verify and evaluate this impact on the demonstrator, bluff bodies of
three different widths, namely, 23.1 mm, 33.5 mm and 35.5 mm, are tested on
the test bench. The experimental results are given in Figure 5.18a, 5.18b and
Figure 5.18c. The experimental data are processed. The results are compared
in Table 5.3.
As Table 5.3 indicates, the vortex shedding frequency is reduced following the
bluff body width increasing. In the meanwhile, the increasing bluff body width
results in the vortex street width increasing (distance between the clockwise
vortex and anticlockwise vortex). According to Equation 2.11, this increased
vortex street width can cause a vortex-induced pressure reduction in the wake
flow. The critical value of the vortex street width can be given in connection
with the vortex radius.
Table 5.3: Comparison of the DT1-052k-23.1, DT1-052k-33.5 and DT1-052k-
35.5
Demonstrator DT1-052k-23.1 DT1-052k-33.5 DT1-052k-35.5
Width of the bluff body 23.1 mm 33.5 mm 35.5 mm
Structure theoretical
natural frequency
17.056 Hz
Calculated vortex
shedding frequency
17.3 Hz 11.9 Hz 11.3 Hz
Measured vibration
frequency
13.9 Hz 10.5 Hz 10.3 Hz
Measured output
amplitude
0.07 V 0.05 V 0.04 V
As the experimental results demonstrate, following the increase in the bluff
body width, the amplitude of cantilever electrical output is reduced. This result
is also confirmed by optical measurements. As the comparison in Table 5.3
indicates, the demonstrator DT1-052k-23.1 has the best conversion efficiency
(i.e., 0.05%). It can deliver 0.5 µW peak power. The average output power
over 10 second is observed as 0.1 µW with 2 m/s air flow.
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(a)
(b)
(c)
Figure 5.18: Voltage output from DT1-052k-23.1 (a) DT1-052k-33.5 (b) and
DT1-052k-35.5 (c) demonstrator
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5.4.2 Piezoelectric cantilever transducer
The experiment for the variable dimension of the piezoelectric cantilever trans-
ducer is mostly based on two different focuses, the thickness of piezoelectric
layer, and the length of cantilever.
The thickness of the PVDF layer will be considered as a variable in advance,
based on the working principle. The different thicknesses of the piezoelectric
material can result in varied working efficiency for the energy harvester. In
this thesis, two different kinds of piezoelectric cantilever thickness are tested
and compared (DT1-028k-33.5 and DT1-052k-33.5). Similar to the baseline
simulation, the experiment results are analyzed by the frequency spectrum
and the probability density function, the result is given in Figures 5.14, 5.19
and 5.20. The cantilever vibration frequency and voltage output amplitude
comparison are given in Table 5.4.
Figure 5.19: Voltage output signal and probability density function for the
DT1-052k-33.5 demonstrator
The second considered variable parameter of the cantilever dimension is the
length of piezoelectric cantilever. Introduced the different width of piezoelec-
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Figure 5.20: Frequency spectrum of DT1-052k-33.5 demonstrator
Table 5.4: Comparison of DT1-028k-33.5 and DT1-052k-33.5
Demonstrator DT1-028k-33.5 DT1-052k-33.5
Thickness of cantilever 28 µm 52 µm
Structure theoretical natural frequency 12.22 Hz 17.05 Hz
Calculated vortex shedding frequency 14.9 Hz
Measured vibration frequency 11.0 Hz 10.5 Hz
Measured output amplitude 0.14 V 0.17 V
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Table 5.5: Comparison of DT1-028k-33.5 and DT2-028k-33.5
Demonstrator DT1-028k-33.5 DT2-028k-33.5
Length of cantilever 30 mm 62 mm
Structure theoretical natural frequency 12.22 Hz 2.86 Hz
Calculated vortex shedding frequency 14.9 Hz
Measured vibration frequency 11 Hz 16.5 Hz
Measured output amplitude 0.14 V 0.16 V
tric cantilever is difficult by using the existent bluff body and the clamping
contact adapter. However, in the context of the vortex-induced vibration energy
harvester working principle, increasing the output power by increasing the
width of cantilever has a very promising result (as shown in Equation 3.61).
Therefore, the influence of the various cantilever transducer widths is not
discussed in this thesis. However, the impact from the cantilever length will
be investigated in detail.
In principle, under equivalent pressure loading conditions, increasing the
length of the piezoelectric cantilever will lower the natural frequency. Such
decrease in natural frequency is caused by the extra mass which is introduced
from the additional length of cantilever.
Since the cantilever transducer is excitated by the vortex pressure, increasing
the cantilever surface can also result in a rise in the excitation level and leading
to a higher output. However, as is discussed in the previous chapter, in order
to avoid the piezoelectric cantilever multi direction bent-arc induced electric
output power reducing, the length of the cantilever must be set close to the
diameter of the vortex or the horizontal distance between two vortex cores.
As Table 4.4 shows, during the experiment, both 30 mm (DT1-028k-33.5)
and and 62 mm (DT2-028k-33.5) cantilever transducers are prepared. Both
cantilevers are measured on the test bench with the 33.5 mm bluff body. The
electrical output of those demonstrators are given in Figures 5.21 and 5.22.
The measurement results are compared in Table 5.5.
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Figure 5.21: Voltage output signal and probability density function for the
DT2-028k-33.5 demonstrator
Figure 5.22: Frequency spectrum of DT2-028k-33.5 demonstrator
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According to the experimental data, increasing both the thickness and length
of the cantilever can induce the cantilever resonance frequency to vary. As
the experimental results demonstrate, increasing either the thickness and the
length of cantilever can improve the cantilever transducer electrical output.
However, there is a major difference between those two methods. As the
thickness of the PVDF material increases, the equivalent EI in Equation
3.46 also increases. As a result, the resonance frequency of the cantilever
transducer is increasing as the thickness of the PVDF grows. Unlike the
thickness, according to the same equation, the resonance frequency is lowered
as cantilever length increases. The experimental result also indicates that
the cantilever optimization by increasing the length of the cantilever is more
efficient compared with increasing the thickness of the PVDF.
As the result of discussion, the longer cantilever with a high PVDF thickness is
suggested in practice. By comparing bot methods, the cantilever transducer can
achieve a higher output voltage thanks to the increased length and thickness (as
Equation 3.61 indicates). Meanwhile, it can keep a higher natural frequency
thanks to the cantilever thickness increasing. Overall, it can result in a higher
average electrical output power.
5.4.3 Various velocities
Based on previous experiments, a demonstrator (DT2-052k-33.5) consisting
of a 62 mm length, 52 µm thickness cantilever and 33.5 mm width bluff body
is tested under various wind speeds. The 23.1 mm width bluff body is not
applied because the vortex shedding frequency will not match to the cantilever
eigenfrequency. As the calculation based on Equation 2.15 by applying the
air flow whose velocity is in the range of 3 m/s to 8 m/s, the vortex shedding
frequency in the wake flow is given in a range from 17.9 Hz to 47.8 Hz. The
measurement results are processed and compared in Table 5.6. The measured
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Table. 5.6: DT2-052k-33.5 demonstrator tested with the various wind veloci-
ties
Air velocity Frequency Average voltage Average power Efficiency
m/s Hz V µW %
3.0 4.60 0.40 0.82 0.21
5.0 10.6 0.34 0.88 0.048
5.7 15.7 0.42 1.19 0.047
7.5 31.6 0.44 1.89 0.031
8.0 33.90 0.48 2.70 0.037
Figure. 5.23: Measured electrical output voltage depending on the air flow
velocity (DT2-052k-33.5 demonstrator)
PVDF cantilever electrical output frequency response in the inlet air flow
velocity is given in Figure 5.24.
As figure shows, the experimental measured frequency response has a similar
slope as the slope given in Equation 2.15. The off-set on y axis is considered
as the air flow velocity measurement error (introduced by the hot-wire air
flow meter). A liner fitting with Equation 5.3 is applied to the experimental
measured data. The result indicates that the air flow error is about 2 m/s.
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Figure. 5.24: Measured electrical output frequency depending on the air flow
velocity (DT2-052k-33.5 demonstrator)
y =
Sr
d
· (x+ verror). (5.3)
The average amplitude of voltage under different air flow velocities is also
given in Figure 5.23. As Table 5.1 shows, the natural frequency of the DT2-
052k cantilever is 5.18 Hz, and their second resonance modal is calculated as
32.43 Hz. Therefore, compared with Figure 5.24, it can be easily identified that
the piezoelectric cantilever can achieve significantly higher electrical output
under the resonance vibration (natural frequency at 3 m/s, and the second
resonance at 8 m/s). It is observed from the experiment that both the peak and
average power (Figure 5.25) are increasing after the air flow velocity increases.
While regarding to Equation 2.6, the fluid kinetic energy is equal to three times
of the power of the flow velocity. The experimental measurement shows a very
similar result.
However, Equation 3.53 indicates that the conversion efficiency vary followi-
ng the frequency ratio ( fmeasured/ fnatural) change. The relation between the
frequency ratio and the conversion efficiency is predicted in Figure 3.5. The
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Figure. 5.25: Measured peak and the average power depending on the air flow
velocity (DT2-052k-33.5 demonstrator)
conversion efficiency of the demonstrator DT2-052k-33.5 over various flow
velocities is given in Figure 5.26. The measurement results show similar beha-
viors comparable to the theoretical predictions in Chapter 3. As figure shows,
the maximum conversion efficiency can be achieved when the piezoelectric
cantilever is vibrated near their natural frequency.
As the result of the comparison shows, the maximum conversion efficiency
(0.21%) is observed at 3 m/s flow velocity (under resonance vibration); the
average output power in 10 s is measured as 1 µW . The maximum average
output power 3 µW is observed at 8 m/s air flow (under second order resonance)
with a lower conversion efficiency.
5.5 Noise analysis
The amplitude spectrum of baseline experiment data shows few slightly smaller
peaks both in the lower and higher frequency bands. Those data are considered
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Figure. 5.26: Measured conversion efficiency depending on the frequency ratio
( fmeasured/ fnatural) (DT2-052k-33.5 demonstrator)
as a series of noises in the data analysis. By splitting the spectrum into two
parts in the context of the cantilever natural frequency, the frequency bands
can be divided into the high frequency range and the low frequency range. The
cause of those peaks on the high frequency range can be further divided into
two different conditions on the basis of the output voltage and the frequency.
First, in the case of the fluid vortex shedding, the frequency is close to the
higher modal of the cantilever natural frequency, the higher resonance modal
of the cantilever can be presented (as the peaks in Figure 5.22). For those peaks
which are presented near the two times or three times of the theoretical vortex
shedding frequency (Figure 5.13), it can be caused by the vortex behavior in
the wake flow (the similar effect is also reported by the article [13]).
The second condition is presented as a very high frequency which is mostly
explained as the electrical noise introduced by the electrical components and
contact cable.
However, for those peaks in the low frequency range, they have a relatively high
magnification. As can be observed from Figure 5.22, the voltage amplitude is
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Figure 5.27: Noise from the voltage output signal
not negligible. Those low frequency high magnification electric outputs are
obviously not caused by the higher modal resonance and they also can not be
explained by classical Kármán vortex street configuration. Therefore, in order
to understand the cause, the high-speed camera recorded synchronized video
is used to analyze the low frequency noise.
Few key frames of the synchronized captured videos are given in Figure 5.28
as an example. The figures correspond to the voltage output in Figure 5.27. As
a further analysis of these images indicates, the piezoelectric cantilever has
a twisted and contorted motion during the vibration process. The electrical
changing produced by the piezoelectric cantilever twisted and contorted motion
is responsible for the low frequency high amplitude noises which is observed
in the experiment.
The cantilever’s twisted motion can be explained by the fluid behavior in the
wake flow. In three dimensions, the vortices in the bluff body wake flow are
not presented as in a perfect cylinder shape. The simulation from [32, 41, 56]
suggests that the vortex core in three dimensions present as a twisted cylinder
(Figure 5.29). Regarding the simulation result, with the demonstrator bluff
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(a) (b)
(c) (d)
Figure 5.28: High-speed camera captured cantilever twisted motion during
flutter
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Figure 5.29: CFD simulation for the twisted cylinder 3D vortex in the cylinder
bluff body wake flow [41, 75]
body configuration given in Chapter 4, this kind of twisted cylinder vortex
cores is also expected to be observed in this wake flow region. Therefore, it
can result in twisted motion on the cantilever and lead to a low frequency high
amplitude electric output.
This three-dimensional vortex core results in cantilever twisted motion, and
the electric output is analyzed in detail. It is verified as harmless for the fluid
energy harvester performance. Thus, no optimization is needed to reduce the
cantilever twisted motion during the operation.
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5.6 Secondary vortices measurement and
analysis
Secondary vortices are a series of vortices which are shed and moved following
the main vortices in the wake flows. The constituent secondary vortices have a
negative impact on the energy conversion performance while the secondary
vortex-induced hydro pressure mostly acts as a damping in the piezoelectric
cantilever vibration. Those secondary vortices have been predicted with the
previous fluid simulation. As shown by the CFD simulation result (Figure
2.18) those small secondary peaks observed on the cantilever surface are
introduced by the secondary vortices. As is mentioned in the previous chapter,
it is clearly observed in the cylinder shaped bluff body wake flow. Within
the cuboid shaped bluff body, the peaks caused by secondary vortex can been
restrained, as is confirmed by the CFD simulation in Figure 2.22 and the FSI
simulation result in Figure 2.29.
(a) (b)
Figure 5.30: The secondary vortex is observed in the output signal of variant
demonstrators
The experimental data obtained in the baseline simulation are consistent with
those simulation results. In the piezoelectric cantilever output signal, a series
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of secondary peaks are observed (as is shown in Figure 5.30). Those sec-
ondary peaks are relatively low in voltage, and are repetitively observed after
the main peaks. Those patterns are very similar with the secondary vortex
behavior observed in the simulation. By comparing those two figures, both
the simulation and the experiment indicate that the secondary vortices have
a noteworthy impact on the piezoelectric cantilever behavior. As the figure
demonstrates, the secondary vortices-induced pressure acts as damping in
the cantilever vibration system. It provides the force needed to restore the
cantilever to the natural position during the vibration process. Therefore, it
can limit the performance and output voltage level of the energy harvester.
As the experimental data demonstrate, in the range of the tested air flow
velocity, the secondary vortex effect is not quite critical. Hence, the cuboid
shaped bluff body is selected in order to ensure a maximized vortex-induced
pressure. As Equation 2.20 indicates, the secondary vortex induced equivalent
damping is crucial for high air flow velocity application. Hence, the comb
shaped bluff body is suggested for the application where the air flow velocity
is higher than 10 m/s.
Based on the consistence between the experimental result and CFD simulation,
the comb shaped bluff body can further improve the working efficiency of
energy harvester by depressing the secondary vortex generation in the higher
air flow velocity range.
5.7 Cantilever heterogeneous stress distribution
During the experiments, it is observed that compared with the theoretical
maximum flow kinetic energy, the optimized VIV energy harvester still has a
rather limited performance (efficiency). By reviewing the simulation results
presented in Chapter 2, the reason behind this limited performance is identi-
fied as the vortex pressure-induced heterogeneous stress distribution in the
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(a)
(b)
Figure 5.31: Comparison of heterogeneous stress distributed in the cantilever
with the FSI simulation (a) and the image captured by a high-
speed camera during experiment (b)
cantilever. As the theoretical calculation demonstrated in Figure 3.11, the
cantilever has a heterogeneous stress distribution under the vortex-induced
pressure stimulation. The FSI simulation result indicates a similar conclusion
compared with the theoretical calculation. As the FSI analysis results demon-
strated in Figure 5.31a, under the vortex-induced pressure excitation, the stress
is mostly focused on the clamping side of the cantilever. The other parts of the
cantilever are either not subject to any stress or are subject to little stress.
During the experiment, the cantilever deformation images captured by a high-
speed camera are presented in Figure 5.31b. By comparing Figure 5.31a
and Figure 5.31b, the experiment result shows perfect consistence with the
simulation. The cantilever deflection is mainly located in the section close to
the clamping fix side. The tail part of the cantilever has a huge displacement
171
5 Demonstrator testing and experimental results analysis
but does not have a visible deformation. Based on elastic mechanics, the non-
homogeneously distributed stress can be expected in the cantilever. According
to the working principle of piezoelectric material, the PVDF is transforming
the stress into surface electronic charging. Consequently, for the cantilever
shown in the Figure 5.31b, only the piezoelectric material located near the
clamping side contribute to the final power output.
5.8 Multi-method energy harvester
measurement
The heterogeneous stress distributed in the cantilever will limit the harvester
efficiency. However, as the experimental resultes show in Table 5.5, reducing
the length of the cantilever can reduce the excitation level which finally leads to
a decreasing in the output. Hence, in order to overcome this physical limitation,
the multi-method fluid kinetic energy harvester is proposed and fabricated.
The relevant design and fabrication process is described in Chapter 4.
The multi-method fluid kinetic energy harvester is tested in the wind tunnel
under identical conditions. The electric output from the electromagnetic coil
is recorded and the result is presented in Figure 5.32. The output from the
piezoelectric material has a very similar behavior, compared with the previous
experiment. Therefore, the analysis is more focused on the additional power
output from the electromagnetic coil’s contribution.
As is demonstrated by the measurement results, through the electromagnetic
coil, the cantilever huge displacement can be converted into the electrical
power. The voltage output has a very similar behavior compared with the pre-
vious piezoelectric electrical output (Figure 5.21). Similar to the piezoelectric
output, the secondary vortex is also observed in the electromagnetical output.
As a characteristic of the electromagnetic energy harvester [17, 76, 77], the coil
has a relatively low internal resistance. The internal resistance of flexible PCB
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Figure 5.32: Voltage output singal of flexible printed circuit (DT2-coil-33.5)
is measured as 1 kΩ. Therefore, the output voltage amplitude is very limited
compared with the piezoelectric output (Mega ohm level internal resistance).
The frequencies of both piezoelectric and electromagnetic output are identical.
However, the natural frequency of the multi-method energy harvester is higher
compared with the pure electric cantilever due to the higher Young modulus
of plastic polymer (Mylar) isolation layer on the flexible PCB.
The measurement data demonstrate that the coil can deliver extra 1.6 µW
output power without additional structure request. However, as Equation
4.2 indicates, the electromagnetic output power can be further improved by
increasing the winding of the coil and the strength of the magnetic field. Further
optimization can be done by replacing the flexible PCB with the printed multi-
layered coil. The multi-layered coil can be fabricated by patterning the silver
ink over stacked papers. In the context of the electro-conductivity of silver
and the Young modulus of the paper, the multi-layered paper coil can have a
better performance compared with the current flexible PCB coil.
173
5 Demonstrator testing and experimental results analysis
5.9 PZT demonstrator test results and efficiency
comparison
Based on the experimental results, it is observed that the PVDF cantilever
(DT2-052k-33.5) vibration amplitude reaches the maximum when the air
velocity is equal to the 3 m/s. When the air velocity is higher than 3 m/s, the
maximum vibration amplitude is maintained on the same level, while any
amplitude higher than the bluff body size will receive an flow impact from the
main flow (as is shown in the Figure 5.33 with a long exposed photo).
(a) (b)
Figure. 5.33: Long exposed photo of the DT2-052k-33.5 demonstrator
during the wind tunnel test 2 m/s (a) and 5 m/s (b)
It is proved that the optimized bluff body can deliver a high vortex-induced
pressure under a low inlet flow velocity. Therefore, a bimorph PZT cantilever
is used to replace the PVDF cantilever. According to Equation 3.61, and the
property of PZT, the bimorph PZT cantilever can provide a better electrical
output power. The demonstrator (DT2-PZT-33.5) which contains PZT can-
tilever is measured with the test bench under a 3.6 m/s air flow. The recorded
electrical output is given in Figure 5.34. The amplitude distribution of the
output is given in Figure 5.35a, and frequency response is presented in Figure
5.35b as well.
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Figure 5.34: Recorded voltage output over time from the DT2-PZT-33.5 demon-
strator with a 100 kΩ load
(a) (b)
Figure. 5.35: Amplitude distribution (a) and frequency response (b) of the
DT2-PZT-33.5 demonstrator
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As the measurement result demonstrate, in a 3.6 m/s air flow, the bimorph
PZT cantilever can deliver above a 2.5 V average output (peak to peak) with
a 100 kΩ resistance load. The output power is calculated as 39.97 µW . The
output voltage and power through the various air flow velocities is given in
Figure 5.36 as reference.
(a) (b)
Figure 5.36: Output voltage (a) and power (b) of the DT2-PZT-33.5 demon-
strator under various air flow velocities
The demonstrator output voltage and peak output power over variable resis-
tance are given in Figure 5.37, and as the figure demonstrated, the optimized
load resistance is close to 350 kΩ. With optimized load resistance the demon-
strator can deliver a 48.4 µW electrical power with a 3 V average peak to
peak output voltage. The power density is calculated as 0.117W/m2 and the
efficiency is 0.7%.
The performance of the PZT cantilever demonstrator is compared with other
published wind energy harvesters. The power density normalized by volume
and area is given in Table 5.7. The power density per unit area observed
from demonstrator has been compared with the other publication. The result
is drawn in Figure 5.38. As the table and figure indicate, the demonstrator
presented in this thesis shows an excellent performance under relatively low
inlet air velocities.
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(a) (b)
Figure 5.37: Output voltage (a) and output power (b) of the DT2-PZT-33.5
demonstrator over variable resistance
Figure 5.38: Comparison with the publication by power density per swept
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In order to make a comparison, the energy harvester structure configuration
reported in the [13, 14] and [58] is tested both under the same conditions. The
result shown with 2-3 m/s air flow, the energy harvester structure reported in
[13, 73] and [58] can not provide a sufficient fluid induced pressure. Therefore,
no electrical output can be observed during the experiment. The harvester
structure reported in [13] can deliver a 4 µW output. However, it requires
a very controllable inlet flow velocity direction and turbulence level for the
continuous work. Otherwise the cantilever can be bent to an un-recoverable
condition (as is shown in Figure 5.39).
Figure 5.39: The bending condition under the different configuration which
suggested by [13]
According to the comparison, by using the bluff body structure proposed in
this thesis, the vortex-induced pressure in the wake flow can be successfully
increased. Thanks to the bluff body optimization, the vortex-induced vibration
fluid kinetic energy harvester can achieve a reasonable performance under
a low air flow velocity or provide a higher efficiency under a higher flow
velocity. It must be noted that the vortex-induced vibration fluid kinetic energy
harvester demonstrator is the only one which can work under air flows with a
speed of less than 3 m/s.
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6.1 Summary
The aim of this thesis was to utilize fluid kinetic energy as energy source
to power MEMS sensor systems on millimeter scale. The state of the art of
fluid kinetic energy harvesting is reviewed. Traditional turbine structures have
proven to be subject to friction. During size reduction, increasing friction can
result in a series of critical issues, including material wear and low efficiency.
In order to overcome friction during operation, a vortex-induced vibration fluid
kinetic energy harvesting method is proposed. The research of the thesis is
mainly focused on analyzing the vortex behavior in the bluff body wake flow
and the vortex-induced vibration on the piezoelectric cantilever transducer.
The vortex shedding process in the bluff body wake flow is studied. A two-way
FSI simulation model is introduced in order to analyze the impact of the bluff
body geometry on the fluid behavior. The influences of the bluff body profiles
on final energy harvester have been discussed. By utilizing a special size tunnel
and an optimized bluff body, the vortex-induced pressure can be maximized in
order to achieve good conversion efficiency. The comb-shaped bluff body has
been proposed. It delivers an optimized vortex-induced pressure and depresses
the secondary vortex formation.
The vortex pressure induced piezoelectric cantilever vibration is analyzed. The
related electromechanical coupling is discussed as well. The vortex-induced
vibration fluid energy harvester demonstrator design is proposed. The major
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parameters of the fluid energy harvester demonstrator are optimized in the
context of the theoretical calculation results and the simulation results.
The heterogeneous stress distribution is predicted based on the analysis. It
results in a limited fluid kinetic energy harvester conversion efficiency. Based
on the simulation analysis and the experimental results, a multi-method fluid
kinetic energy harvester is proposed to overcome the heterogeneous stress
distribution induced output power limitation. For experimental verification, a
test bench with a self-prepared wind tunnel has been developed and assembled.
Both the piezoelectric and the multi-method energy harvester demonstrator
have been tested using this test bench. The measurement results are analyzed
and presented in this thesis. The vortex-induced vibration energy harvester
demonstrator has a 9V open circuit output in 3.6 m/s air flow. Compared to
published articles, the VIV fluid energy harvester demonstrator proposed in
this thesis has the best performance under the low velocity air flow condition
(3 m/s).
The measurement results show that the demonstrator has the potential to be
used as an alternative energy source in pipeline distribution systems to replace
batteries. With an appropriate designed power management circuit, vortex-
induced vibration energy harvesters can be used as the energy source for
autonomous sensor nodes.
The major tasks completed through the thesis include:
• The state of the art of the fluid kinetic energy harvesting method is
reviewed in order to identify major issues which limit the fluid kinetic
energy usage in millimeter scale applications. The friction free vortex-
induced vibration fluid kinetic energy harvester method is proposed to
utilize the fluid kinetic energy to power MEMS devices at millimeter
scale.
• The vortex formation and behavior in the bluff body wake flow is analy-
zed. The impact of bluff body geometry to the wake flow is discussed.
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A series of simulation models are built to describe the vortex formati-
on and propagation process, which include both the CFD simulation
model and the two-way FSI simulation model. In order to improve the
performance of energy harvesters, the vortex-induced pressure in the
wake flow is optimized through utilizing the shape modified/optimized
bluff body and an additional tunnel. This method is tested and verified
with CFD simulations. The simulation results show that the vortex pres-
sure is increased nearly up to four times of the original value by using
the optimized fluid configuration. The secondary vortex formation is
observed during simulation. The discovery is confirmed through the
cuboid-shaped bluff body experiment. A novel comb profile bluff body
is proposed in order to depress secondary vortex formation without
serious pressure loss under high air flow velocities. The influence of the
proposed bluff body is verified with the simulation.
• A vortex pressure-induced cantilever vibration model is built based
on the Euler-Bernoulli beam theory. The cantilever deflection under
hydro pressure is described by a theoretical model. The piezoelectric
cantilever natural frequency is predicted and the vibration frequency
depended vibration energy transfer efficiency factor is discussed. The
vortex-induced vibration energy harvester has a best working efficien-
cy under the resonant vibration. The theoretical model indicates that
the vortex pressure induced cantilever deflection has a heterogeneous
stress distribution. A FEM model is built in order to verify the analytical
model. The heterogeneous stress distribution along to the cantilever
is also observed in the FSI simulation. Further analysis indicated this
heterogeneous stress distribution is unavoidable under the VIV working
principle. Therefore, aimed to utilize the huge displacement at the tips of
the cantilever, a novel multi-method energy harvester structure is propo-
sed. The multi-method energy harvester can convert the vortex-induced
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cantilever vibration into electrical output through the piezoelectric me-
thod and electromagnetic method simultaneously without any additional
design.
• The harvester demonstrator is designed and optimized according to
the fluid structure interaction simulation and the electromechanical
coupling analysis results. The major parameters of the demonstrator
were optimized for low air velocity applications. The demonstrator
is fabricated regarding to this design, the related energy management
circuit is explored.
• A fluid kinetic energy harvester test bench including a low velocity wind
tunnel is designed and assembled. The vortex-induced vibration energy
harvester is tested by using this test bench. The vortex-induced vibration
energy harvester demonstrator has 3 V output at 350 kΩ load in 3.6 m/s
air flow. By calculation, it delivers 48.4 µW powers to the output. Under
identical test conditions, the multi-method energy harvester can deliver
a 1.6 µW extra power from the EM coil at the end of the cantilever. The
power density is calculated as 0.117W/m2 and the efficiency is 0.7%.
Due to bluff body shape optimization, the VIV fluid energy harvester
demonstrator proposed in this thesis is the only demonstrator which
able to work under 3 m/s air flow stimulation. This performance makes
utilizing the VIV fluid energy harvester as an ambient fluid energy
harvester feasible. Furthermore, compared with the most successful
candidates [13] and [58], the demonstrator proposed in this thesis shows
an excellent adaptability to a wide air flow velocity range and turbulence
level.
184
6.2 Innovations of this thesis
6.2 Innovations of this thesis
• In terms of the vortex-induced vibration principle, the research results
presented in this thesis identifie and confirm that the value of the vortex-
induced pressure has a major impact on the harvester conversion effi-
ciency. Based on the theory of the object surrounding flow, the vortex
formation process is studied in detail. A Two-way FSI simulation is
carried out to analyze the interaction between the solid structure and
the flow behavior. Based on the analysis results, a method to increase
the vortex pressure by utilizing an optimized bluff body with a special
size tunnel is proposed, and its effect is verified with simulation results.
The simulation shows that the vortex-induced pressure is increased by
nearly four times by using a cuboid shaped bluff body.
• The secondary vortex in the wake flow is predicted by both CFD and
FSI simulations. It is confirmed by the experimental results. The vortex-
induced cantilever vibration analysis indicates that the secondary vortex
has a negative impact on the energy harvester power output. The vortex
formation process in the bluff body wake is carefully reviewed. A comb
shaped bluff body is proposed to depress the secondary vortex forma-
tion. The simulation result indicates that the comb shaped bluff body
can depress secondary vortex formation without serious loss in vortex
pressure.
• Vortex-induced cantilever force vibration is analyzed based on Euler
Bernoulli beam theory. The analysis results indicate that the vortex
pressure deflected cantilever has a heterogeneous stress distribution. It
results in a limited output from the piezoelectric cantilever transducer.
With further analyses aimed at the heterogeneous stress distribution in-
duced limited performance, a multi-method energy harvester structure is
proposed. The multi-method energy harvester configuration can utilize
the piezoelectric as well as the electromagnetic method simultaneously
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on one cantilever structure. Therefore, the large cantilever tip displace-
ment induced by heterogeneous stress distribution can be converted into
electrical output through the electromagnetic method.
6.3 Outlook
As Table 1.1 shows, the theoretical maximum of fluid kinetic energy for
3.6 m/s air flow velocity is 16.59W/m2. The energy harvester demonstrator
presented in this thesis only reaches 0.117W/m2, which is about 0.7 percent
of the total value. This difference indicates that the performance of the energy
harvester still has space for further improvements. The energy loss is analyzed
for further optimization.
The skin friction force between the air flow and the solid surface must be
further reduced. During the vortex formation process, the fluid flow velocity
is keeping reducing due to skin friction, this effect causes unnecessary fluid
kinetic energy loss in the system. A similar effect also exists on the cantilever
surface but is ignored.
An analytical model for precisely describing the vortex pressure distribution
in the wake flow is needed for the bluff body and flow tunnel design. It is still
missing.
According to the Bertz Law, the maximum kinetic energy can be obtained only
when the velocity of the fluid flow is reduced to 1/3 of the original velocity (as
Figure 2.1 shows). The demonstrators fabricated and measured in this thesis
only achieve a 3/3.6 outlet to inlet flow velocity ratio. It can be improved by
stacking multiple devices behind one another to reach the 1/3 velocity ratio.
However, a method to achieve an optimized ratio (1/3) is needed. The outlet to
inlet velocity ratio description in the context of the solid object configuration
in the object surrounding flow is missing in literature in connection with the
fluid mechanics and the VIV vibration energy harvester design. To further
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improve the vortex-induced vibration energy harvester’s performance, related
methods are needed.
Last but not the least, during the simulation, regular changes in drag and lift
force on the bluff body (applied in the orthogonal direction of air flow) are
observed. This drag force can be directly used as the excitation for the piezo-
electric transducer. The related bluff body vibration theory is well developed
by fluid mechanics researchers in last decades. A preliminary analysis shows
that it has advantages in high velocity applications due to its compact size and
the relativity larger forces.
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A CFD simulation preparation
A.1 Mesh preparation
A.1.1 Geometry
According to the values from Table A.1, the mesh geometry of cylinder-shape
bluff body CFD simulation is created by using the series of key points and
curves as shown in Figure A.1.
A.1.2 Meshing
The blocking strategy has been specially optimized for the Hexa mesh cell.
The blocks near the cylinder-shaped bluff body have been split as is shown
in Figure A.2. The block located inside the cylinder bluff body geometry has
been deleted for the CFD mesh in order to represented bluff body. The vertex
Table. A.1: Geometry values of cylinder-shape bluff body CFD simulation
mesh
Hexternal 56.5 mm
Lexternal 101.5 mm
Wblu f f 6.5 mm
Lblu f f 6.5 mm
Pblu f f 23.25 mm
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Figure A.1: Geometry of the cylinder shaped bluff body simulation mesh and
the blocking
Figure A.2: The Blocking around the cylinder shaped bluff body
and curve of the block is associated with the curve of the cylinder geometry.
By moving the vertexes, the block layout is changed as in Figure A.2.
A global mesh parameter has been given. The maximum seed size of global
element is set at 0.02. In order to further determine the mesh density and
distribution along each edge, the following pre-mesh parameter has been set.
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• Nodes
The total number of nodes which will be applied to the edge
• Mesh law
Mesh law is the mainly used to set the nodes distribute method through
the target edge. It is set to Bigeometric. This allows the nodes to be
biased towards both ends of edges. The expansion rate form the end is a
linear progression
• Space 1
Space 1 is used to refer the node spacing at the beginning of edge which
is indicated by the arrow after the edge is selected.
• Ratio 1
Ratio 1 is the space changing ratio since the beginning of the edge.
• Space 2
Similar to the Space 1, Space 2 is used to refer the node spacing at
the end of the edge which is indicated by the arrow after the edge is
selected.
• Ratio 2
Ratio 2 defines the space changing ratio since the end of the edge.
• Max space
Max space defines the maximum space between two nodes.
The value of those parameters has been applied to the edges in order to further
define the mesh. The edge parameter around the buff body has been given
in Table A.2 as an example. The space and ratio are proportional to the
orthogonally edge’s parameter in order to optimize the cell aspect ratio.
By combind both the blocking strategy (shown in Figures A.2) and pre-mesh
parameter, the skewness and aspect ratio of the mesh near the bluff body and
the wake flow area are reduced to the minimum.
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Table A.2: The Edge parameters around bluff body
Number of edge No.74 No.66 No.144,67,134,157 No.104,94,114,54
Nodes 15 8 35 35
Mesh law Bigeometric Bigeometric Bigeometric Bigeometric
Spcae 1 0.004 0.1 0.139 0.117
Ratio 1 1 1 1 1
Space 2 0.03 0.1 0.139 0.117
Ratio 2 1.4 1 1 1
Max space 0.04 0.1 0.139 0.117
A.1.3 Mesh quality evaluation
Poor-quality of the mesh will result in inaccurate solutions as well as a slow
convergence in the CFD simulation. Therefore, the quality of the mesh gener-
ated is checked in detail. While the poor-quality of mesh will cause inaccurate
solutions as well as a slow convergence in the CFD simulation. The quality of
the generated pre-mesh must be evaluated in advance. In principle, the mesh
quality can be judged with the following parameters.
• Density
The mesh density should be high enough to capture all relevant flow
features but the total cell count should be kept in a reasonable range in
order to prevent an increased computation cost. A non-uniform mesh is
used, so the cluster cells can only locate where they are needed.
• Skewness
The skewed cells are those which have poor internal angles, for the
Quad and Hexa mesh, the Skewness can be determined by the Equiangle
skew, which is defined as Max[Qmax−9090 ,
90−Qmin
90 ] in case of Quad and
Hexa mesh.
• Smoothness
Smoothness is a parameter which related to the cell size change ratio
(compared with the neighboring cell). For the optimized mesh, the
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change in cell size should be gradual through the entire mesh, and the
sudden change in cell size should be avoided.
• Aspect ratio
Aspect ratio is a ratio between the longest edge length and the shortest
edge length. The ideal value of the aspect ratio in the mesh is equal to 1,
which is meant a square shape element in case of Quad mesh.
In this thesis, the quality of generated pre-mesh is checked and verified through
ICEM CFD by using “Determinant 2x2x2” and “Angle” option.
A.1.4 Mesh quality improvement
A poor-quality of mesh will cause inaccurate solutions as well as a slow
convergence in the CFD simulation. In case of generated mesh has poor
quality, a few adjustments need be made in order to further improve the
convergence and the accuracy. The skewness, the smoothness and the aspect
ratio can be improved by adjusting the nodes on the corresponding edge in
those regions. By selecting those bars through mesh quality histogram, the
insufficient cell can be displayed and pointed out on the mesh. Therefore,
the mesh parameter in those regions can be adjusted to provide a better mesh.
Additionally, those cells which still remain appear to have poor internal angles,
and can be improved by adjusting the blocking to improve these angles (vertex
or edge associate). Adjusting the blocking too far may cause other cells (on the
other side of the moved vertex) to worsen. In this case, the blocking strategy
must be reconsidered in order to provide a mesh which can meet the solver
requirements.
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Table. A.3: Table of Boundary conditions
Type Value
Bluff body surface Wall Smooth no slip
Side wall Opening Relative pressure =0
Sym plane Symmetry Botten and top layer
Inlet Inlet Velocity0.2 m/s, Turbulence 5%
Outlet Outlet Ave. pressure 0 Pa
A.2 Boundary conditions
A couple of boundary conditions has been applied to the mesh according to the
object surrounding flow condition. The type and the values of those boundary
conditions can be found in Table A.3.
A.3 Initial conditions
In order to oberve the formation precess of Kármán vortex street, the initial
inlet flow velocity is given as 0 m/s.
A.4 Time discretization
The simulation time step size has an influence on the results of vortex shedding
frequency. The research is carried out by GE and described in article [39].
The result is given in the Figure A.3 as reference. The results in the article
indicates that by using the minimum time step size of about 100 time steps per
shedding period, the simulation accuracy can be obtained within 1% (Error).
Therefore, the time step is defined as 0.005 s.
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Figure. A.3: Influence of simulation time step size on shedding frequency [39]
Table. A.4: Table of time discretization and solver configuration
Time duration 10 s
Time step 0.005 s
Advection scheme High resolution
Transient scheme Second order
Turbulence numerics First order
Convergence control 1~10 loops
Convergence type MAX
Criteria 0.0005
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B CFD simulation meshes
Figure. B.1: CFD simulation mesh for triangle-shaped bluff body
Figure. B.2: CFD simulation mesh for cuboid-shaped bluff body
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Figure. B.3: CFD simulation mesh for comb-shaped bluff body
Figure. B.4: FSI simlation mesh
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C Description of turbulence
models [1]
C.0.1 General introduction
In the laminar regime, the flow of the fluid can be completely predicted by
solving the steady-state Navier-Stokes equations (Equation C.1), which predict
the velocity and the pressure fields.
ρ˜( ∂ u˜i∂ t + u˜ j ∂ui∂x j ) = ∂ P˜∂xi +
∂ T˜ (v)i j
∂x j
(Momentum equation)
( ∂ ρ˜∂ t + u˜ j
∂ ρ˜
∂x j
)+ ρ˜ ∂ u˜i∂xi = 0 (Continuity equation)
(C.1)
Where the fluid density is ρ˜ , velocity components is u˜, and pressure is P˜,
components of the viscous stress tensor is T˜ (v)i j which T˜
(v)
i j = ρν(
∂ u˜i
∂x j
+
∂ u˜ j
∂xi
)
To the incompressible flow, the equations can be simplified as:
(
∂ u˜i
∂ t +u j
∂ u˜i
∂x j
) =− 1ρ ∂ P˜∂xi +ν
∂ 2u˜i
∂x2j
(Momentum equation)
∂ui
xi
= 0 (Continuity equation)
. (C.2)
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As the flow turns to turbulence, chaotic oscillations appear in the flow, and
it is no longer possible to assume that the flow is invariant with time. As
the Reynolds number increases, the flow field exhibits small eddies, and
the timescales of the oscillations become so short that it is computationally
unfeasible to solve the Navier-Stokes equations.

u˜i =Ui+ui
p˜ = P+ p
T˜ (v)i j = T
(v)
i j + τ
(v)
i j
(C.3)
ρ(
∂Ui
∂ t
+U j
∂Ui
∂x j
) =− ∂P
∂xi
+
∂T (v)i j
∂x j
− ∂ρ (uiu j)
∂x j
(C.4)
Hence, Reynolds-Averaged Navier-Stokes (RANS) formulation (Equation C.4)
is used. Flow velocities and otherquantities are decomposed into averaged
and fluctuating component (as Equation C.3). However, the Reynolds stress
(ρ (uiu j)) has been introduces during this process, which is a re-worked con-
tribution of the fluctuating velocities to the change of the averaged ones, and
it acts as a stress. The problem (as known as turbulence closure problem) of
Reynolds decomposition and averaging is that it introduces additional unknow
variables (Reynolds stress). Therefore, turbulence model has been used to
solve this closure problem.
C.0.2 k− ε model
The k− ε model is one of the most common turbulence models, although
it doesn’t perform well in cases of large adverse pressure gradients. It is a
two-equation model, that means, it includes two extra transport equations to
represent the turbulent properties of the flow. This allows a two equation model
to account for history effects like convection and diffusion of turbulent energy.
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The first transported variable is turbulent kinetic energy, k. The second trans-
ported variable in this case is the turbulent dissipation, ε . It is the variable that
determines the scale of the turbulence, whereas the first variable, k, determines
the energy in the turbulence.
The k− ε model has been shown to be useful for free-shear layer flows with
relatively small pressure gradients. Similarly, for wall-bounded and internal
flows, the model gives good results only in cases where mean pressure gra-
dients are small; accuracy has been shown experimentally to be reduced for
flows containing large adverse pressure gradients. One might infer then, that
the k− ε model would be an inappropriate choice for problems such as inlets
and compressors.
C.0.3 k−ω model
The k−ω model is one of the most commonly used turbulence models. It is
a linear eddy viscosity two equation model. It includes two extra transport
equations to represent the turbulent properties of the flow. This allows a two
equation model to account for history effects like convection and diffusion of
turbulent energy.
The first transported variable is turbulent kinetic energy, k. The second trans-
ported variable in this case is the specific dissipation, ω . It is the variable that
determines the scale of the turbulence, whereas the first variable, k, determines
the energy in the turbulence.
C.0.4 Shear stress transport (SST) model
The SST turbulence model is a two-equation eddy-viscosity model. The use of
a k-ω formulation in the inner parts of the boundary layer makes the model
directly usable all the way down to the wall through the viscous sub-layer,
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hence the SST model can be used as a Low-Re turbulence model without any
extra damping functions. The SST formulation also switches to a k-ε behaviour
in the free-stream and thereby avoids the common k-ω problem that the model
is too sensitive to the inlet free-stream turbulence properties. (The SST model
is a blend of a k−ω model, which is used near walls, and a k−ε model, which
is used in regions far from walls)
The SST model is often used to solve those problems which contain adverse
pressure gradients and separating flow. It does produce a bit too large turbu-
lence levels in regions with large normal strain, like stagnation regions and
regions with strong acceleration. This tendency is much less pronounced than
with a normal k− ε model though.
C.0.5 Reynolds-stress-ω model
The Reynolds-stress-ω turbulence model, or SMC model, is a Reynolds Stress
model based on the ω equation.
Some of the main deficiencies of the Reynolds Stress models for the simu-
lation of boundary layers are an inheritance from the underlying ε equation.
Particularly the accurate prediction of flow separation is problematic when the
ε equation is used. Furthermore, low-Reynolds number formulations for the
ε equation are usually complex and difficult to integrate, a deficiency which
is aggravated in combination with a Reynolds Stress model formulation. In
order to avoid these issues, a Reynolds Stress model has been implemented
which uses the ω equation instead of the ε equation as the scale-determining
equation.
The advantage of the ω equation is that it allows for a more accurate near wall
treatment with an automatic switch from a wall function to a low-Reynolds
number formulation based on the grid spacing.
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D Modal analysis
Figure. D.1: First order resonance vibration modal of fix-free cantilever
Figure. D.2: Second order resonance vibration modal of fix-free cantilever
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Figure. D.3: Third order resonance vibration modal of fix-free cantilever
Figure. D.4: Fourth order resonance vibration modal of fix-free cantilever
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E Calculation code
E.1 Natural frequency calculation (MathCAD)
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E.2 Probability density function calculation (Matlab)
E.2 Probability density function calculation
(Matlab)
%lowpass filter.
afterfilter=filter(lowpass100hz,oscillopscope_data);
%plot after lowpass filter and orgin data
plot(oscillopscope_data,’b’);
figure(gcf); hold all ; plot(afterfilter,’–g’);
figure(gcf); xlabel(’Time scale’);
ylabel(’Output voltage (V)’);
hleg1=legend(’Orignal Voltage data’,’Voltage output after lowpass filter’);
figure;
%find the max and min peak in the data, and store them index in the IndMax
%and IndMin
IndMax=find(diff(sign(diff(afterfilter)))<0)+1;
IndMin=find(diff(sign(diff(afterfilter)))>0)+1;
%got the value of those Max and Min peak
min_data=afterfilter(IndMin); max_data=afterfilter(IndMax);
%set a range of max peak counting and plot
xRange_max = 0:0.01:0.15; N_max = hist(max_data,xRange_max);
%set a range of max peak counting and plot pdf funcation
xRange_min = -0.1:0.005:0; N_min = hist(min_data,xRange_min);
%plot the bar fig for the pdf funcation
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bar(xRange_min,N_min./numel(min_data));
xlabel(’Min peak Voltage(V)’);
ylabel(’Percent of presented times’);
figure; bar(xRange_max,N_max./numel(max_data));
xlabel(’Max peak Voltage(V)’);
ylabel(’Percent of presented times’);
% 3 subfigure plot
figure;
subplot(2,2,1:2);
plot(oscillopscope_data,’b’);
figure(gcf); hold all;
plot(afterfilter,’–g’);figure(gcf);
hleg2=legend(’Orignal Voltage data’,’After lowpass filter’);
xlabel(’Time scale’); ylabel(’output voltage (V)’); title(’Voltage over time’);
subplot(2,2,3); bar(xRange_max,N_max./numel(max_data));
xlabel(’Max peak Voltage(V)’);
ylabel(’Percent of presented times’); title(’Probability density function of
V_M_a_x’);
subplot(2,2,4);
bar(xRange_min,N_min./numel(min_data));
xlabel(’Min peak Voltage(V)’);
ylabel(’Percent of presented times’);
title(’Probability density function of V_M_i_n’);
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Table. F.1: Experimental equipment list
Equipment Vendor Model Parameter
Wind tunnel driven fan Helios HRFW 250/4 Include speed regulator
Hot-wire flow velocity meter KIMO CTV100 -
High speed camera Olympus i-SPEED 3 Include MCU
Prime lens Olympus 105mm f 5.6-8
Light source Olympus ILP-2 -
Oscilloscope Tektronix DPO 4034 -
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